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FOREWORD

This manual has been prepared under Task 16. "Polar Analysis and Forecasting Tech-
niques," and is intended to fulfill the need for a basic arctic forecast guide for the navy mete-
orologist.

This publication is a comprehensive reference which describes the physical features and
the meteorology (climatology, structure and behavior of weather systems, and the analysis

and forecasting of meteorological parameters) of the Arctic. It provides the necessary gen-
eral information which enables the forecaster to bridge the gap between middle-latitude and
arctic meteorology. In addition, much of the information included in this report will prove
useful for the duration of the forecaster's tour of duty in this region.

Dr. Richard J. Reed, Associate Professor of Meteorology at the University of Washington
and Technical Consultant to the Navy Weather Research Facility, has drawn from past and
recent work of his own and others and integrated this information into this complete "Arctic
Forecast Guide." Mr. John M. Mercer performed the final edit of this manual for the Navy

Weather Research Facility.

CHARLES A. PALMER, J -

Commander, U. S. Navy
Officer in Charge
U. S. Navy Weather Research Facility
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INTRODUCTION

To the forecaster trained in middle latitude meteorology the Arctic is a somewhat strange
and forbidding place located near or beyond the boundaries of his map. He is aware that
there is no sharp line that divides the regions of his common interest from the less familiar
areas to the north. Moreover, he is aware that basic physical principles are the same every-
where, that differences between high and middle latitude meteorology are more a matter of

degree than of kind. Nevertheless, when first faced with the problem of making operational
forecasts in the Arctic, he is apt to feel like the proverbial fish out of water as he strives to
put his middle latitude experience to work in a new and unfamiliar environment.

The main purpose of the present work is to provide the forecaster who is newly assigned
to the Arctic with background material that will ease his period of adjustment, though it is
hoped that many of the ideas expressed herein, as well as some of the techniques, will prove

useful to him beyond the period of his apprenticeship. It is conceivable that some readers
mayfind this manual useful forpurposes other than that forwhich it was intended. However,
the limited objectives of the author should be kept in mind at all times.

It is necessary from the outset to establish boundaries for the region which is to be in-
cluded under the term "Arctic". Much fruitless effort could be spent in trying to frame a
"correct" definition of the term, but a little reflection will show that any definition must of
ncccs-itybe somewhat arbitrary and suited to the purposes at hand. Because our main con-
cern here is with a fluid medium, the polar atmosphere, it has seemed advisable to make the
boundaries as broad and simple as possible. With this in mind we have set the 60th parallel
as the outer limit of our area of interest.

It has not seemed appropriate in a work of this sort to burden the reader with an exten-
sive bibliography. The writer would therefore like to acknowledge that the information con-
tained herein comes from three main sources: (I) "The Dynamic North" (1956), especially
the article "Meteorology of the Arctic" by Petterssen, Jacobs, and Haynes (March, 1956),
(2) "The Arctic Circulation" by Hare and Orvig (1958), and "Arctic Weather Analysis and
Forecasting" by Reed (1959). Considerable pains have been taken in the latter work to ref-
erence the contributions of other authors.

In addition to the basic sources mentioned above, a number of other papers are listed in
the bibliography. These are mainly recent contributions which were not reviewed in the
writer's previous work. Their listing here is not meant to imply that they are necessarily
more important than other articles which are not directly mentioned.

vii



1. PHYSICAL FEATURES OF THE ARCTIC

Although the Arctic is popularly thought of of the area, the extent of open water being greater
as a region of eternal cold and snow, it is in re- in summer than in winter. In winter thermal
ality an area of considerable climatic diversity, stresses within the ice and wind stresses on the
exhibiting a variety of interesting and changing surface cause continual fracturing and the for-
weather phenomena. Much of this diversity is a mation of narrow lanes or leads of open water.
consequence of the varying shape and character At the frigid winter temperatures the leads freeze
of the underlying surface. It is appropriate, over rapidly. In summer the newlyfrozen leads
therefore, to begin a discussion of the meteor- melt open, allowing the ice to move more freely
ology of the Arctic with a brief review of the and bringing a temporary halt to the fracturing
geography of the region, laying principal stress except for minor breaks along the rough edges
on the nature and configuration of the surface of the leads.
and on its physical properties. A unique facet
of the polar environment is the extended periods In modern times the pack ice has averaged
of daylight and darkness. The chapter concludes about 8 to 10 feet in thickness. Broad areas of
with a brief treatment of this topic, more or less flat ice of uniform thickness are

interspersed with ice ridges or hummocks which-
1.1 Surface Types may extend several feet above the general level

of the Ice and ten's of feet below. The ridges
Because of the relatively broad limits which are formed by the jamming of large pieces of Ice

we have chosen to set on the term "Arctic". a or floes one against the other during periods of
number of diverse surface types will be enclosed fracturing and may occasionally rise to 30 feet.
within our sphere of interest. Over the Arctic
Ocean and the adjoining seas is the perpetual and The earliest measurements of the ice thick-
nearly unbroken pack ice. Greenland and other ness, taken before the turn of the century, gave
elevated regions of lesser size are covered or values of about 12 feet, indicating a decrease in
spotted with shields of ice known as glaciers, thickness in recent decades. This trend parallels
Along the fringe of the arctic seas Is the tundra, a warming trend at arctic weather stations which
a treeless region of marshy soil covered with has been remarked on by numerous authors.
small shrubs and thick growths of mosses and
lichens. Further inland, where a more pro- The upper layers of the pack ice attain their
nounced moderation of climate occurs in sum- coldest temperatures in February, but the low-
mer. the tundra gives way to forests of varying eat layers continue to cool until June so that the
extent and density. And in the area between ice attains its maximum thickness just before
Greenland and Norway is a large expanse of open the summer melt period commences. In June
water maintained by the mild ocean and air cur- and July the snow which has accumulated since
rents which invade that area. the previous summer melts, and in July and

August an ablation of the ice itself takes place.
In the following paragraphs we will consider Generally, the thickness of the pack is diminished

in greater detail. the distributions of the various about 2 to 3 feet by the melting. Most of the
surface types enumerated above, pointing out melt water drains into the ocean through cracks
various facts which may be of interest and use and holes but a significant amount of it collects
to the forecaster. The reader is advised to make in pools on the slightly undulating surface of the
frequent reference to figures 1.1 and 1.2, which pack, forming small lakes. Personnel stationed
contain names and locations of pertinent geo- on the ice find the summer melt period a time
graphical features and boundaries of the different of considerable annoyance and discomfort.
surface types.

In late August the melt season comes to an
1.1.1 Pack Ice end, and snow begins io spread its insulating

blanket over the surface. Once the snow cover
By definition the term pack ice refers to any is complete the surface of the Arctic Ocean be-

ares of sea ice, no matter what form it takes or haves, as far as energy transfer is concerned,
how disposed. just as adjacent land surfaces.

From figure 1.2 it is seen that the Arctic Ice conditions in the adjoining seas are for
Ocean is affected by ice throughout the year. the most part similar to those in the Arctic
The ice covers generally more than 95 percent Ocean. Except near the shore, where a piling
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Alt

F~igure 1.2. Some Geographical I)Ditrihution5 of Arctic "Surface Cover" Due to Climatic Controls. (After Htare

and Orvig 131.)

up and rafting of the ice often occurs, the ice is much effort is expended in charting ice conditions

somewhat thinner than in the inner Arctic and byaerial reconnaissance and in using icebreak-

the summer melt is a bit greater. In summer ers to keel) the sea lanes open. The undertaking

largre open areas appear near the shores and the of annual supply missions to DEW-line stations

coastal waters become navigable, along the Alaskan and Canadian coasts has spur-
red increased attention to ice problems in the

The amount and distribution of open water American sector of the Arctic.

are influenced to a considerable degree by the
prevailing wind pattern sothat large fluctuations Other bodies of water which are covered in

may occur from month tomonth or year toyear. whole or in part with sea ice during at least a

Generally the southern portions of the Chukchi. portion of the year are the Barents, Norwegian.

East Siberian, and Laptev Seas are navigable and Labrador Seas, Baffin Bay, Hudson Bay, and

from late June or July through August or Sep- the Northwest Passage. The Barents Sea is

tember. The Kara Sea stays open until October. nearly free of ice in August but in late April or

The shipping season in the Beaufort Sea is short May. at the time of greatest ice extent, only the

and confined to the late summer, southwestern portion remains open. The south-
ern and eastern sectors of the Norwegian Sea

Shipping operations along the Northern Sea remain open throughout the year, though an ice

Route are important to the Soviet economy, and strip of varying width hangs along the coast of

>1
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Greenland. with snow throughout the year. At lower eleva-
tions strong inversions may develop near the

The eastern two-thirds of the Labrador Sea ice boundary in summer so that above freezing
is ice free throughout the year, except along the temperatures are common at instrument level.
Greenlandcoast. During the winter the ice grows
outward from the Baffin Island, Labrador, and 1.1.3 Tundra
Newfoundland coasts to a width of a few hundred
miles. The most favorable conditions for navi- This is the name given to the treeless plains
gation in Baffin Bay occur in August and Sep- of northernCanada. Alaska, Siberia, Russia, and
tember. From November through April the bay Scandinavia. The boundaries of the tundra are
is ice covered, shown in figure 1.2.

Despite earlier opinion to the contrary, From October through May the tundra is
Hudson Bay is completely frozen from January decked with snow and therefore has no unique
to June. The change from open water to ice and effect on meteorological processes. In summer,
snow cover in late fall and early winter is marked when the snow is gone, the exposed surface con-
by dramatic changes in weather conditions at sists of a marshy soil, covered with a dense
stations on the east shore of the bay. The North- growth of mosses, lichens, and small shrubs.
west Passage is mostly icebound, though some The subsoil of the tundra is permanently frozen.
navigation is possible in this region in August It is this perennially frozen ground, or perma-
and September. frost as it is now called, which is primarily re-

sponsible for the swampy nature of the tundra.
With the exceptions noted above, the polar

seas may be regarded for three seasons of the During most of the year, then, the surface
year as solid snow-covered surfaces similar in of the tundra is undifferentiated from the pro-
their physical and meteorological character- vious surfaces we have been considering. From
istics to adjacent land areas. In summer, on the June through September, however, it is vastly
other hand, the seas are best pictured as melt- different, possessing a much higher absorptivity
ing sheets of ice which maintainairtemperatures and a greater ability to convert the absorbed
at or" near the melting point, radiation into sensible heat.

1.1.2 Glacier Ice 1.1.4 .The Boreal Forest

Glaciers occupy only about 10 to 15 percent Roughly speaking the first patchy areas of
as much area as the pack ice of the polar seas, woodland begin where the temperature of the
and more than four-fifths of this area is con- warmest month reaches a figure of 10*C.(50'F.).
tained in the massive Greenland Icecap. The The treeline maybe more accuratelydelineated
remaining glaciers are found on Ellesmere and by taking Into account the temperature of the
Baffin Islands and other smaller islands in the coldest month as well.
Queen Elizabeth group (Canadian Archipelago);on
Novaya Zemlya, Iceland. Jan Mayen, Svalburd, Three forest zones are depicted in figure
Franz Joseph Land, and Severnaya Zemlya; and 1.2, Thornthwaite'spotentialevapotranspiration'
in mountainous regions of Scandinavia, Alaska, serving as the defining parameter. In Zone I
and western Canada. The locations of many of tundra and thin woodland are intermingled. Zone
these glaciers appear in figure 1.2. It conssts of open woodlands of spruce, pine, or

larch carpeted with mosses and lichens. The
By their nature glaciers occur in conjunc- main Boreal forest of conifers and some hard-

tionwith high ground or, as in the case of Green- woods is contained in Zone III.
land, are themselves mountains of ice. The sub-
glacial floor inGreenland is shaped likea saucer The length of the period of snow cover in the
with a large portion of the interior dipping below forested regions varies from 8 months in the
sea level. The average thickness of the ice is north to 6 months in the south. In the southerly
of theorderof 5,000 feet and the maximum known zone the snow usually melts by mid-April and
thickness is 1,000 feet. the ground remains essentially bare until late

October. Clearly, this belt has polar character-
In its effects on radiation an(d on heat and istics during only half the year.

moisture transfer glacier ice is much like sea [.. .
,ce except that at high elevations temperatures , .

sta" briow freeping and the ice remains covered
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1.2 Surface Properties The variation in heat capacity from one type

of surface to another is not great except that new

From the meteorological standpoint the most snow has a much smaller capacity than the other

important properties of the surfaces discussed surfaces because of its low density. The thermal

in the preceding section are their albedo. heat diffusivities are likewise fairly uniform except
capacity, and thermal diffusivity, since, along for water in which case the conduction is assumed
with changes of phase, these properties deter- to be governed by eddy rather than molecular

mine the manner in which heat is partitioned and processes and is therefore very large.
stored. The product of the heat capacity and the

square root of the thermal diffusivity defines an The conductive capacity of new snow is small
additional property of importance, the conductive indicating, for instance, a tendency for the sur-

capacity. The first factor determines the heat face temperature to decrease rapidly when heat

that can be stored in unit volume per unit tern- is lost by radiation. On the other hand, the ocean

perature change and the second factor is known has an exceedingly large conductive capacity and
from heat conduction theory to be proportional therefore undergoes only slow temperature vari-
to the depth of penetration. Thus their product, ations. The other surrf.- onsidered also have
the conductive capacity, measures the total heat rather small conductive capacities, indicating
capacity of the affected volume. When the con- that their temperatures tend to fluctuate sub-

ductive capacity is large, the temperature change stantially in response to varying radiation con-
accompanying heat addition or subtraction is ditions.

small.

1.3 Orographic Features
Table 1.1 contains estimates of the fore-

going properties for the various types of sur- The varying height and configuration of the
faces considered in the previous section. earth's surface is a major factor in weather pre-

diction. Effects of mountains can be seen on all
The albedo of snow is high, ranging from scales of motion from the global circulation pat-

50percent to80percentoreven higher depending terns to local wind systems of the foehn and
on the freshness. Ice too has a high albedo, katabatic types. Storms undergo characteristic
though the figure given here Is probably larger changes in direction and intensity upon approach-

by 10 percent to 20 percent than the average ing mountainous terrain; in addition, amounts
value for the pack ice in summer when sizeable and distributions of clouds and precipitation ire

leads and puddles are present. Because of the much influenced by orographic features.
low elevation of the sun, the albedo of water sur-

faces is relatively large in the Arctic, ranging Because of the relatively large extent of the
from 4 percent when the sun is at its zenith in polar seas andt the existence of lowlands and
the subarctic in summer to e00 percent when the plains over much of northern Canada, Russia,
son Is on the horizon. The figure of 15 percent and eastern Siberia, the Arctic is not a region

is believed to represent a reasonable average in which orography plays a dominant role. In at
value, The tundra and forest areas have the least two Sectors, however, the effects of high
smallest albedus. Where lakes and ponds are ground arc of primary importance - Greenland

prevalent, the values are somewhat larger than and Alaska.
given.

More than 1,500 miles long and 600 milesTA ttI* 1,1

ilrh.slcal tProperties oif Various Surfaes. wide, rising to above 10,000 feet at its highest
point and averaging 7,000 feet in elevation, the

Greenland Icecap presents a formidable barrier
.T TFher - Con- to the air flow in its vicinity and the effects, in

,\Ihedo , ity -at./ ' di~ffsr~iy .,,i ut, terms of the mean circulation and the behavior
Surfer-* per cent cm.31"t. ,a.

2
/sec, .. rapacrry

I--• -o --o--0.0o----.ooI of individual storms, areclearly apparent. The
80 0,3 .6 0(0 mountain raniges of southern Alaska rise abruptlyI Old sm• 0 0.22 0.003 , 001

Iv 70 0.45 r.or 2 0.05 from tre shore, reaching average heights of about
Tundra i0 0.7 0.003 0.03- 8,000 feet. Individual peaks attain heights of
.- st, 5 0.r, 0.004 '.04 15,000-20,000 feet. Like the Greenland leccap,

2s vhu- pp-p-te f-r old or the Alaskan ranges exert a considerable influ-
(n n ~ I oence on pressure systems. In addition, they

.c1,id) 0 1 cause a sharp division in climate between in-S. . ..... terior and coatsi Alaska. In summer the Brooks

Range of northern Alaska is also of climatic
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significancr, since it acts as a barrier separat- the horizon and a period in winter when it is con-
ing warm air in the Yukon Valley from the cold tinuously below. At the pole itself the "day"
air which lies over the polar seas. Highest peaks and "'night" are approximately of 6 months dura-
in this range are close to 10,000 feet and the tion each.
mean level is approximately 5,000 feet.

Table 1.2 contains information on the dura-
In Europe and Asia there are a number of tion of sunlight for the middle of each month at

mountain systems or highlands which are worthy selected latitudes. The figures apply to level,
of mention, though their effects on weather are unobstructed ground and may differ for stations
not as pronounced as in the previously mentioned located on hills or in valleys.
regions. The Scandinavian Highland runs the
length of Norway and western Sweden, with an From the table alone one does not get a cor-
average elevation of about 4,000 feet and isolated rect impression of the amount of useful light at
peaks rising as high as 8,000 feet. The Ural high latitudes. There are two reasons for this.
Mountains constitute a narrow north-southdivide A first is that the arctic twilight is extremely
of nearly comparable heights. At their northern prolonged. For 20 days after the setting of the
end t*hey -ake an S-shaped bend and link with a sun at the pole on September 24, it is possible
ridge which runs the length of Novaya Zemlya. to read a newspaper by twilight - tinder clear

skies. Complete darkness does not set in until
Highlands of a few thousand feet elevation November 12th. The period of total darkness

in central Siberia are overshadowed by a com- endsonJanuary30,and the twilight grows brlght-
plex of higher ranges - the Verhoyansk, Cherskiy, er until the reappearance of the sun on March
Anadyr' Ilangeý, and Kolyma Mountains - further 19. Thus, there are only about 80 days of real
to the east. These ranges average 5,000 feet and night at the pole.
above over large areas and have individual peaks
which reach 10,000 feet. Secondly, the absence of sunlight is not as

great a handicap as one might think; for in winter
1.4 Duration of l)avlight and Darkness the moon is always highest in the sky for the

longest duration, at the time of full moon. Fur-
An important facet of the arctic environ- thermore, the reflection of the moonlight on the

ment is the extreme variation in the length of snow cover adds to the brightness of the land-
day that occurs over the course of a year. As scape. These factors make it possible to travel
is well known, the regions north of the Arctic safely across the snow in the mididle of the polar
Circle cxlprience a periodi of varying (timration night and even io land airplanes by moonlight
in s unt tuer when thlie sun is tootintously alhove under cxtremnely favorable cireumstances.

TAfBL.E 1.2
"FIonl Po,,ible m)irt,,rion of Sunlight on tile 15th of Each Month.

North Latitude
Month ;0* 65* 705 I7- 110* 85°

hrs. rain. firs. min. birs. rinm. jhrs. rin. hrs., in. hrs. min.

Jnnuary 6 ,3 5 02 ......
February 9 12 8 28 7 20 5 10 ....
March I1 44 11 40 II 33 11 23 10 50 90 50
April 1.4 34 15 It 16 09 17 56 24 00 24 00
M1IiV 17 08 18 43 22 41 24 00 24 00 24 00
June in 4.9 21 53 24 00 24 00 24 00 24 00
Jtly 1in 05 20 15 24 00 24 00 24 00 24 00
August 15 '41 16 39 18 15 23 19 24 00 24 00
September 12 55 13 07 13 26 13 57 15 10 !a 15
October 10 13 9 46 9 06 7 58 5 00
November 7 34 6 16i 3 52 - ......

December 5 56 3 42 - -
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2. CLIMATIC FEATURES OF THE ARCTIC

Weather conditions in the Arctic are suffi- strong pressure gradient over southeastern
ciently variable so that climatic averages cannot Alaska is also fictitious, lying over the mountain
in themselves provide the basis for accurate ranges which divide the continental high from the
weather prediction. Nevertheless, the fore- low in the Gulf of Alaska.
caster will find a knowledge of climatic condi-
tions useful as a background for prediction, es- April finds the Siberian high much weakened
pecially when assigned to an unfamiliar area. and displaced eastward. On the other hand, the

high over North America maintains its strength
The present chapter attempts to summarize and shifts closer to the pole. It is at this time

some of the more important climatic features of year that the concept of a polar anticyclone is
of the Arctic. Throughout, the object is to paint most nearly fulfilled. Important changes also
a broad, rather than a detailed, picture of the occur in the low pressure cells between winter
polar climate. First the mean state of the arctic and spring. The Aleut art low diminishes greatly
circulation is described for different levels and in intensity, and its extension in the Gulf of Alaska
seasons, along with the related temperature con- becomes relatively prominent. The Icelandic
ditions. Various weather elements are then con- low also fills considerably and appears to shift
sidered in turn, and their regional and seasonal northeastward because of greater pressure rises
variations discussed. Elements considered are along the coast of Greenland.
wind speed, cloudiness, precipitation, snow depth,
fog, and visibility. The pressure pattern over the polar cap in

July is ill-defined and still subject to some un-
2.1 Mean Circulation certainty. The often assumed semipermanent

polar anticyclone is clearly lacking, but as yet
In order to depict the major features of the it is not certain whether a cyclonic circulation

circulation at the surface and aloft, use will be exists in its stead. According to recent evidence
made of sea level isobaric charts and of upper- a weak trough extends outward from the Asiatic
level height-contour maps. The upper-level low towards the center of the Arctic Ocean. The
contours will, in nearly all instances, afford an presence of a ridge of high pressure over the
accurate representation of the wind flow aloft, Beaufort Sea is well confirmed.
but due to frictional and orographic influences
some caution must be exercised in inferring In summer the Aleutian low fades away to a
surface winds from the sea level pressure pat- mere trough in the isobars, and the Icelandic
terns. low remains barely detectable. A more promi-

nent low develops near the southern tip of Baffin
2.1.1 Sea Level Pressure Island. The Siberian high disappears completely,

and low pressure prevails over the heated Asiatic
The mean sea level pressures for the four landmass.

seasons, as given by Namias 171, are shown in
figures 2.1 a-d. In January (fig. 2.1a) the arctic ByOctober the Aleutian low has regained its
circulation is controlled by four main pressure full intensity but is single-centered and located
cells - low pressure areas in the Aleutian and east of its winter position. The Icelandic low is
Iceland regions and highps situated over Siberia nearly at full strength and also slightly east of
and northwestCanada. Both lows have eastward Its winter position, the extension in the region
extensions which follow regions of open water, of Novaya Zemlya beingparticularly pronounced.
The two highs are joined by a thin ridge spanning The Siberian high has reappeared and attained
the Chukehi and Beaufort Seas. The circulation moderate intensity by October. The high in the
over the pole itself is largely dominated by the American sector is located over the Arctic Ocean
cyclonic flow about the Icelandic low. to the north of its wintertime position and is still

gaining st rength.

Over regions of elevated topography the

pressure gradients are fictitious and do not accu- 2.1.2 700-mb. Heights
rately depict the wind flow near the surface.
Thus, the gradient wind flow over central Green- Figures 2.2 a-d depict the seasonal changes
land cannot be expected toconform to the isobars in the upper-levelcirculation. In January there
in figure 2.1a but will be determined by the 700- are three main troughs and low cells in the Arctic
mb. height-contours of figure 2.2a instead. The and subarctic. Centers of lowest contour height
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occur over Baffin Island and near Novaya Zemlya. The polar circulation in winter (fig. 2.3a) is
The most pronounced trough is found with the dominated by an intense circumpolar vortex.

slightly weaker low near Kamchatka. Each of Within this vortex there existsnear70*N. a band
the upper lows is associated with a main low of strong winds often referred to as the arctic

pressure ceUl or the extension of a cell at the stratospheric or polar-night jet stream. This
surface. The most prominent upper-level ridge jet stream is entirely separate from the familiar

appears over Alaska. Weaker ridges may be polar front Jet stream of the middle latitudes.
noted between Greenland and Norway and over From figure 2.3a it is apparent that wave-like

Siberia. perturbations exist in the polar-night vortex, and
from a comparison of this figure with figure 2.2a

In April the flow over the polar regions be- it is evident that these waves are merely smooth-
comes more zonal as the multicellular pattern ed versions of the largest scale waves present
is replaced by a single low cell near the pole. jn the troposphere. Thus.the stratospheric flow

Troughs still persist in the Baffin Island and patternat thisseason is not entirely independent
Kamchatka regions. The NovayaZemlya trough of the pattern at lower levels.
is displaced westward to Scandanavia, and, in
conjunction with the greater prominence of the In springtime (fig. 2.3b) a feeble remnant
surface low in the Gulf of Alaska, a noticeable of the polar vortex still hovers near the pole, but

trough appears in that region at the 700-mb. generally by late May the westerlies disappear

level. The most prominent ridges aloft are found completely, and after a brief period of stagnant
over Alaska and Greenland. flow the easterly regime of summer becomes

established (fig. 2.3c). The easterlies are es-
In July the flow aloft is son-ewhat weaker sentially undisturbed and, except in the Tropics,

but still follows a wave-like path about a single cannot be related to the tropospheric flow.

low center near the pole. The Kamchatka trough

has shifted eastward to the Bering Sea, a minor The westerly vortex generally reappears

trough still appearsover the Gulf of Alaska, the in late August or September and dominates the

trough in the Baffin Island region once again re- fall circulation over the polar cap (fig. 2.3d).

mains fixed, the trough over Scandanavia has The stratospheric jet is weakly developed at this

retrograded to near Iceland and a new trough season, and the wave-like perturbations which

has developed over central Asia. As at the sur- characterize the winter pattern are still in the

fa'ce, the Main ridge is found over the BlCaufort formative stage.

Sea.

2.2 Mean TemIperature
The upper circulation strengthens in Octo-

her andclosed low cells rCeappear. Main trough Various featuresof the temperature distri-

and ridge positions are virtually tire same as in bution, bothat the surface and aloft, are reviewed

summer. A noteworthy feature is the continued in this section. As a broad introduction to tern -

eastward displacement of the Kamchatka trough perature conditions at the surface, charts of

towards Alaska even as it tends to be reestab- mean temperatures for January and July are

lishe'd along the Asiatic coast. first presented. A more compreherrsive view of

tempeiature behavior is afforded by graphs of

2.1.3 30-rob. lHeights monthly mean maximum, mean minimum, and

extreme temperatures for selected stations.

Tihe more prominent features of the 700-mb.
cirrculation patterns are maintained in the upper The vertical temperature distribution Is

troposphere. nnd the winds generally increase represented by means of typical mean soundings

in strength up to the level of the tropopause (200 and by meridional mean cross sections for var-

to 35:r0 ml).). In proceeding upward through the ious seasons.

lower ,-.e.irere a gr.adcil tcr',;.kenir.q of tlje

cirr-ulation is observed, and troughs and ridges 2.2.1 Surface temperature, Winter andSummer

hecome less pronounced. Htigher in the strato-

sphere wind regimes are encountered which are Coldest surface temperatures in winter (fig.

partiall Iyorwholly distinct from the flow patterns 2.4a) occur in the valleys of northern Siberia and

at lowelr levels. The height contours of the 30- over the interior of Greenland. The extreme

mb. surface (23 t, 24 kmi.) in figures 2.3 a-d cold of the Siberian area may he attributed to

bring out the major circulation features in the theclear skies and dry, subsiding airwhlch gen-

middle stratosphere at !he various seasons. erally prevail there and tothepresenceof moun-
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tains to the south and east which prevent inflow corded in central Greenland (Wegener Expedi-
of air from the Pacific at lower levels. The ex- tion) and as low as -62*F. over the pack ice
ceptional coldness of interior Greenland is (Fram Expedition).
largely an effect of elevation. Because of more
ready access to regions of warmer air, less ex- In summer absolute minimum temperatures
treme cold is observed over the Arctic Ocean vary relatively slightly, hovering near the freez -
and the North American Continent. ing mark at most localities. An exception is cen-

tral Greenland where temperatures as low as
The presence or nearness of open water is -19' F. have been measured in July.

clearly reflected in the thermal distribution. A
broad tongue of relatively mild temperatures Absolute maximum temperatures of 900 F.
extends from theAtlantic to the Barents Sea. A and above are not uncommon in the continental
smaller tongue of mild temperatures stretches interiors in summer. At Verkhoyansk the tern-
northward through Davis Strait to Baffin Bay. perature has risen to 940 F., making an absolute

range of 1880 F., the largest on earth. Most arc -
Mean surface temperatures in July (fig. 2.4b) tic coastal and island stations experience tern-

likewise conform to the nature of the underlying peratures in the 50's, 60's, 70's, and even the
surface. Temperatures close to the melting 80's in summer. Over the pack ice, on the other
point prevail over the pack ice of the Arctic hand, absolute maxima are in the upper 30's, and
Ocean and along the fringes of the Greenland over central Greenland the temperature fails to
Icecap. Over the interior of the icecap tempera- reach the melting level.
tures well below freezing are observed. Cool
temperatures dip southward over Bering Sea, 2.2.3 Mean Vertical Temperature Distribution
Hudson Bay. Baffin Bay, and other bodies of open
water. Overcontinental interiors the long hours Although the polar regions are often re-
of sunshine produce warm temperatures even garded as source regions for arctic air masses.
close to the Arctic Circle. Mean temperatures it must be realized that the concept of an air
of 60' F. and above occur over central Alaska, mass as a homogeneous body of air is a consi-
northwest Canada. and a vast region of northern derable oversimplification and that no single
Russia and Siberia. sounding can adequately portray the structure

of the polar atmosphere at a particular season.
2.2.2 Mean Daily Maximum and Minimum Ten- In fact, a certain degree of horizontal tempera-

leratures and Ext rernc Temperatures ture variation is characteristic of most polar air
masses, coldest temperatures near the surface

MXorv detailed information concerning tern- usually occurring close to centers of anticyclones
perature behavior in the Arctic is contained in while aloft they are more usually found in regions
the grnaphs of mean temperature, mean daily of low pressure.
tooaxitiiurn and minimum temnperatures, and
-monthly extreine temtperatures appearing in fig- Many of the features of the thermal struc-

ure 2.5. In winter n great variation in absolute ture aitr brought out by the mean soundings for
minimunm tcripealurc iLs seen to exist, ranging January and July in figures 2.G6 and 2.Gh. Eiven
from neiar 00 F, at coastal and island stations in the mean n strong inversion exists at all in-
facing on the Atlantic to as low as -90 F. in river terior stations during the winter. It generally
valleys of eastern Siberia. Stations only a short reaches to a height of I to 2 kilometers, and the
distance removed from the moderating effects temperature increase between bottom and top
of the oceans (Gambell, Anchorage, Upernavik, may exceed 10° C. At coastal stations (Tromao)
Kajaani) exhibit absolute minima in the -20* F. a more normal lapse rate exists in the lower
to -40* F. range, and temperatures below -40' F. levels.
have been recorded over vast portions of the
North An-erican and Eurasian Continents and the The tropopause in winter lies near the 9
ArcticOccan. The coldest temperature on rec- kilometer level. Above the tropopause the tem-
ord is a reading of -93.6' F. at Verkhoyansk in perature becomes more or less isothermal at the
Siheria, though it now appears that another more southerly stations. In the extreme north
Siberian station, Oymyakon, is the persistently it slowly decreases to a minimum at a height of
coldest spot in the Northern Hemisphere. By about 30 kilometers.
way of contrast the coldest temperature ever
recorded over the North AmericanContinent was In summer the inversion disappears at in-
a reading of-81'F. at SnagAirport in theYukon. landstationsbut still persists in much weakened
Temperatures as low as -84.6° F. have been re- form over the pack ice and along the shores of
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the polar seas. The tropopause is somewhat versesabove thetropopause sothat the warmest

higher in summer than in winter, averaging about temperatures are found at the pole itself. In

10 kilometers. In the first few kilometers above connection with this reversed temperature gra-

the tropopause the temperature rises sharply. dient, the westerlies decrease with height and

Higher up the lapse rate is essentially isother- switch over toeasterlies in the layer between 15

mal. and 20 kilometers. The core of the easterlies

appears to lie in the Tropics at a height of about

The figures well support the earlier state- 50 kilometers so that the easterly regime at high

ment that considerable horizontal temperature levels in summer is by no means a peculiarity

differences occur in the polar atmosphere. This of the polar region.

is true both in the troposphere and stratosphere.

The warmth of the polar stratosphere in

2.2.4 Mean MeridionalCross Sections of Tern- summer is explained by the maximum of insola-

perature and Wind tion at high latitudes and the absorption of the

short wave radiation by atmospheric ozone. With

The average temperature and wind condi- the absence of solar radiation in winter, strong

tions in. the Arctic are further elaborated by cooling occurs, and the temperature swings to

means of the meridional cross sections in fig- the opposite extreme. Dynamic factors may also

ures 2.7a and 2.7b. Although large in individual be involved in the maintenance of the winter cold

cases, tropospheric temperature gradients over pool.

the polar region in winter (fig. 2.7a) are small

on the average and, in accordance with the ther- 2.3 Surface Winds

mal wind relationship, the wind changes only

slowly with height, Weak easterlies, reaching The general features of the wind circulation

to heights of less than 5 kilometers (5t0 mh.), over the Arctic have already been discussed in

prevail near the surface north of 70 degrees lati - connection with the charts of mean pressure.

tude; feeble westerlies lieabove. Themain fea- In this section we willconsider the seasonal and

ture of interest in the temperature pattern is the geographical variations in wind speed and the

inversionwhich extends toheights of 1 to2 kilo- frequency with which gales occur at different

meters throughout most of the polar and subpolar localities.

area.

Three main factors influence wind speeis

In winter the polar stratosphere contains in the Arctic: (I) the pressure gradients assio-

n unique temperature and wind regime which is ciated with cyclones and anticyclones, (2) tihe

separated from the regiines of tropicaiand tern- static stability of the ai r in the Il yer i nanr the

perate regions by a band of relatively warm tern- ground, and (3) features of the local topography.

peratures, extending from the tropopause to Average wind speeds tend to be large in areas

about 25 kilometers and girdling the globe at where cyclonic stormns are frequent and relative-

latitudes between 50' N. and G0O N. North of this ly intense, and small in regions where anticy-

warm belt temperatures undergo a steady andi clonic co tli(ions p redonm inate* lHowever, the

pronounced decrease to the pole, the coldest tern- strength of the wind corresponling to a given

peratures of all occurring near the pole at tlte pressure gradient is much affected by the sta-

30 kilometer level (10 nib.). Within the region bility of the air. When an inversion is present

of pronounced cooling the westerly winds in- very little mixinlg occurs between the inversion

crease rapidly witfi height and a westerly strato- layer and the faster moving layeirs above. Thus,

spheric jet stream appears at latitides of tP
0 

N. the mom entuam lost to the ground by friction is

to 70*N. The core of this jet is believed to lie only weakly replenished from above, and theesur-

at about 60 kilometers height and 55* N. latitude, face wind speed heroines much reduced relative

to the gradienit wind speed. On tlie other hand,

Mean teimperature and wind gradients re- under unstatle ronditions the surface wind may

main small ini the polar troposphere in sutnmer. attain speeds almost as great as at the graidient

TIhe easterlies near the surface shrink in depth wind level.

to less than 2 kilometers and shift to the latitude

belt between 60°N. and 75YN. Thelow-level in- Many of the aspects of the behavior of wind
version diminishes greatly in intensity and ex- speed in the Arctic can he explained solely in

tent, occurring only over the Arctic Ocean to termsof characteristicsoflarge-sealepressure

heights of about 1 kilometer. systems and variations in static stability. Local

effects, however, are often of great importance,

The temperature gradient in summer re- especially where strong winds are concerned.
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Because of these local effects, connected with nearly identical mean annual wind speeds, yet
features of the topography, considerable care gales are more than three times as common at
must be exercised in selecting representative Wales. The effect of local topography in pro-
stations to depict wind behavior in the Arctic. ducing excessive winds is further brought out
and even with careful selection no small sample by comparing the annual number of gales at two
can be expected to portray adequately the full pairs of neighboring stations in Greenland, Uper-
range of behavior. With this caution in mind, navik and Marrak, and Angmagssalik and Atter-
graphs of average wind speed and frequency of bury Dome. Threefold to fivefold variations are
gales are presented in figure 2.8. seen to occur in short distances.

It is immediately apparent from the graphs The wind speed over the polar sea averages
that mean annual wind speeds tend to be greatest close to 10 miles per hour and is characterised
at exposed coastal locations in regions of rela- by an irregular variation which will require many
tively high storminess (Jan Mayen, Verdo, Ostrov more years of data to clarify. No doubt regional
Diksona). At these same locations storms are differences in wind behavior will be found to
most intense in winter and seasonal variations exist so that reports from a single drifting sta-
in stability are relatively minor; consequently, tion are not sufficient to define the wind regime
wind speeds are distinctly greater in winter than of the whole basin. However, it does seem well
in summer. The effect of exposure is clearly established that gales are infrequent over all
evident when winds at Angmagssalik and Anchor- sectors of the Arctic Ocean. Winds of gale force
age are compared with those at the preceding (>32 m.p.h.) are observed only a few times a
stations. Although both sets of stations are in year, and speeds of 40 miles per hour appear to
coastal regions of frequent and sometimes in- be close to an upper limit for the pack ice. The
tense cyclonic activity, winds at the latter two dearth of extreme winds is due in parl to the high
stations are generally light because of sheltered frequency of inversions and in part to the ab-
locations. sence of topographic effects. The early conclu-

sion that the lack of strong winds indicates a
If local effects are excluded, the general lack of cyclonic storms is not supported by re-

statement can be made that in the yearly mean, cent synoptic evidence.
lightest winds occur in continental interiors
(Verkhoyansk, Fairbanks, Watson Lake). This In central Greenland, contrary to other in-
circumstance may be attributed to the effect of teriors, the wind is greatest in winter and least
the inversion in reducing wind speeds in winter in summer. Intthis region the inversion persists
and to the presence of comparatively weak pres - throughout the year, and the pressure gradient
sure gradients in summer when the inversion is the controlling factor In the annual cycle.
Is absent. The effect of the inversion in reduc- From the 700-mb. charts presented earlier it
Ing the wind is so pronounced that nearly all in- is evident that the stronger gradients occur in
land stations show an annual minimum in wind winter.

speed during the winter or early spring.
2.4 Cloudiness

A number of stations (Barrow, Anchorage,
tlpernavik) display complex variations in monthly Geographical and seasonal varintions in
mean wind speeds. In some cases the complexi- cloudiness in the Arctic depend less on the he-
ties are due to irregularities caused by the short havior of frontal systems and cyclonic storms
period of record. In others they are the result than on the character and changes in character
of complex variations in pressuie gradients and of the underlying surface. The melting of the
stabilities. For instance, certain stations near pack ice in summer is conducive to the forma-
the Arctic Ocean experience a semiannual varla- tion of a low-level inversion and to the develop-
ton in stability with minima In spring and fall. ment of persistent fog and stratus. Mean cloud
At such stations (for example. Barrow) the wind cover in excess of 90 percent may he observed
tends to be strongest at these seasons and to during some summer months and the amount
.-each minima in winter and summer, generally exceeds 80 percent. In autumn, fol-

lowing the freezing over of the ice. the cloudi-
In general, gales are most frequent in re- ness diminishes rapidly and reaches minimum

gions where mean wind speeds are greatest, values of 30 to 40 percent in winter and early
However, because of the effects of topography spring.
in producing excessively high winds at certain
localities, there is by no means an exact corres- Over land areas the variation in cloudiness
pondence. Vardo and Wales, for instance, have is more complex, consisting at many stations of
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double maximaand minima. Theprimary mini- the precipitation distribution.

mum generally occurs in winter. A secondary
maximum follows in May or June in connection In general, annual precipitation amounts in-
with the melting of the snow cover. Once the crease southward from thepole. Overand along
snow is gone, the land warms, lapse rates be- the fringe of the Arctic Ocean annual amounts

come less stable and the amount of low cloudi- (including both rain and the water equivalent of
ness is diminished. The summer minimum is snow) average less than 5 inches and rise to
short-lived, and by early fall the primarymaxi- about 15 inches at more southerly locations in
mum is attained at most stations. With the Eurasia and North America. Much higher
freezing of lakes and other bodies of water in amounts are measured at coastal spots adjoining
late fall, the cloudiness undergoes a rapid de- the Atlantic Ocean and the open waters of adja-
crease. The secondary minimum in summer cent seas; amounts of 40 to 60 inches or eveo
may be lacking at coastal and insular stations higher being common in Norway, Iceland, and
which are under the influence of flow from the southern Greenland.
pack ice or open water.

Over most of the Arctic the maximum pre-
Over and along the fringes of the Norwegian cipitation occurs in late summer and the mini-

and Barents Seas the seasonal variation in cloud- mum in winter or spring. Such an annual cycle
iness is slight, the amount being large at all clearly reflects the effect of air temperature in
seasons. Some stations report average yearly determining the capacity of the air to hold water

values in excess of 80 percent. Because of the vapor. The only regions which depart signifi-
prevalence of inversions, stratus isthe dominant cantly from this regime are the aforementioned
cloud type in summer. In winter the large cloud areas bordering the open seas. In these areas
amounts are due in part to the great amount of temperatures arehigher and there is a plentiful
cyclonic activity and in part to the formation of moisture supply so that the degree of cyclonic
stratocumulus decks when air from the pack ice activity becomes a more important factor. Since
streamsover the relatively warm ocem-n waters, the storminess is at a peak in fall and winter.

Since the cloudiness spreads inland a consider- maximum precipitation is obtained at these sea-
alie distance, interior stations in the regions sons. Minimum amounts (but not generally be-
adjoining these seas possess relatively large low those of other portions of the Arctic) arc
cloud amounts in winter. At these stations the measured in summer-.

primary minininitun comes in early surnmer and
the late spring secondary maximum is much 'rlhe annual cycle at selected stations is
suppressed. Many of the foregoing comments illustrated in figure 2.10.
are illustrated by the graphs in figure. 2.9.

2.5.1 Snow l)epth
Records from the Fram, Blarrow, and Itukhta

'rikhaya exhibit the summer maximumn and win- Itecause of their effect on energy and mois-
te 1 mintnium typical of stations over and at the ture transfer processes at the sourface, the
edge of the pack ice. Anchorage, Pond Inlet, Ilay amount, extent, and duration of snow on the

11iver, T riiikhasok, and other land stations show grouod arc important lvilnent , ill the arc tic ci -
the seconadary nmaxinmumn at the time of spring niate. Sorne idea of the monthlyvariattonin snow
melt. ILarge annual amounts with little month depth may be gained from the graphs in figure
to month variation areevident at Heykjavik, Jan 2.1 1. It must be noted that snow depths undergo
Mayen, and Angmagssalik. Kajaani furnishes alt extreme variations iii short distances as a result
examplh of inm inland station with relatively large of drifting and that only broad conclusions can
wiltet iiic chmidoess an 0Sappressedl sccondo ry be drawn from the records of selected stations.
niaxiniuin in late spring. Somewhat unique is For instance, Narssaq on the southern tip of

Verkhoynnsk, an interior station with single pro- Greenland reports an average snow rlepth of 4
noxiiiced summnlr nmaximum and winter mininimu. inches in March, while Prins ChriL:;arns Sun]

less than 200 inilcn away reports a dit-pth of 60
2,5 l'rerijitation" inches. These differences due to exposarc must

bh, kept in mind in interpreting data on sn aw depth.
1,ecause of the bhmWing and driftinrg of snow,

accurate measuremc-ti of precilpitation is difi|- Over the Arctic Ocean snow begins to accu-
cult to achieve in the .. retli- and data regarding mulate on the ice in late August or September
amounts must be accepiterd with some reserva- and reaches a depth of about I foot by late spring.
tions,. Itowever. theun-lrtalntles are not suffi- The snow generally begins to melt in June and
ciently great to obscure the broad features of disappears almost entirely in July.
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An especially long snow season also exists different types. Some stations exhibit the great-
over northern Siberia where the ground is first est frequency of fog in the fall or early winter.
covered in late September or October and does The fogs at these stations belong mainly in the
not become bare again until June. At most sta- radiation category and are connected with the
tions in this area the snow achieves maximum cooling of the ground and the development of
depths of 1 to 2 feet in March or April, and sub- pronounced inversions. At other stations the
stantial depths persist throughout May. Scat- maximum is reached in mid-winter at the time
tered stations in theQueen Elizabeth Islands and of coldest temperatures. The fogs in these cases
along the coast of Greenland experience simi- are ice fogs caused by the addition of moisture
larly prolonged snow seasons. Usually these to the air by human activities.
stations are characterized by heavy accumula-
tions with depths as great as 5 feet reported at The graphs in figure 2.12 bring out some of
some places, the more salient features of the fog distribution.

Many stations (the Maud, Jan Mayen, Barrow,
Over interior portions of the Arctic snow Bukta Tikhaya, and Ostrov Diksona) furnish ex-

cover generally persists from October to May amplesof large annual frequencies and summer
and reaches a depth of about 2 feet in late win- maxima. Thelesser annual frequencies and fall
ter and early spring. At the outer edges of the maxima at inland stations are illustrated by the
Arctic thesnow usually disappears by the end of records for Fort Good Hope, Kajaani, and
April. Turukhansk. Fairbanks with its extensive mili-

tary and aircraft operations is an outstanding
Coastal stations in Iceland receive only example of a station with a sharp peak in fog

slight accumulations. Inland stations may have occurrence in winter due to the formation of ice
depthsof almost 2 feet (Grinisstadhirl with only fog.

a short period of bare ground during the summer.
Small accumulations are also observed along Verkhoyansk shows a double maximum prob-
the south coast of Norway. However, amounts ablyas a result of radiation fog in the early fall
gradually increase to the north and at Vardo, and ice fog in the winter. Other stations (not
for instance, a depth of nearly 3 feet is attained shown) also display more complex distributions.
in March. Stations slightly removed from the coast are

subject toboth the advection fogs of summer and
F'rom the brief data considered it would radiation fogs of fall and winter. At such sta-

appear that the snow depths at arctic stations tions double maxima or flat distribution may
depend on temperature, l)recipltation, and (most occur.

importantly) on the local vagaries of the wind,
Until more representative snow measurements Finally it should be renxarked that the few
are available, many of the foregoing remarks stations in figure2.12 cannot adequntclyportray
must be regarded as tentative, the inti-itacies of the fog distribution. Fog, like

wind speed and snow depth, is much affected by
2.6 Foajind Visibility thv local topography and large variations in be-

havior may occur in short distances.

l"og occurs with greatest frequency over
the Arctic Ocean and along the adjoining coasts, 2.6.1 Other Visibility Reducing Factors
many stations in these areas report this pheno-
menon on more than 100 days per year. Fog The polar atmosphere is relatively uncon-
occurs much less frequently at most inland taminated by smoke, (Just, and other impurities

localities. sothat falling snow, blowingsnow, and ice crys-
tal haze constitute the only additional visibility

At all oceanic and coastal stations the fog reducing factors of importance. Of these only
Is nio:%t frequent in summer and least in winter, blowing snow is of major importance.
The summer fog is of the advection type, being
cause-d by thechilling of relatively warm, moist Information on the frequency of blowing snow
air in its passage over the melting ice surface is scanty. Castal stations of Russia and Siberia
or cold waters. It is extremely patchy, and a report 100 or more days of blowing snow per
daily occurrence may often represent, at most, year. During the winter months snow may blow
a few hours of low visibility, on more than half the days.

The fog regimes at inland stations are quite Statistics on blowing snow at Point Barrow
different than at coastal stations and are of two on the Alaskan coast are similar to those at
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Siberian coastal stations. During the winter of ally about 10 knots in the Arctic - a sharp de-
1957-1958,anormal winteras far aswind speeds crease in the number of occurrences is to be
were concerned, blowing snow was observed on expected at interior stations where winds are
73 days in the 6 month period from November characteristically light in winter. As the wind

through April and on 23 percent of the hourly rises above the critical value the visibility lowers

observations. and usually becomes less than 1 mile when the
wind attains a speed of 25 knots. Thus, the

Since the frequency of blowing snow de- graphs on wind speed (fig. 2.8) give at least a

pends mainly on the frequency with which the crude idea of the locations at which blowing snow
wind exceeds a certain critical speed - gener- may be a frequent hazard in aircraft operations.
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3. THE STRUCTURE AND BEHAVIOR OF ARCTIC WEATHER SYSTEMS

Until fairly recently it was believed that frontal zone parallels the arctic coast in sum-
the circulation at low levels in the Arctic is mer and that cyclone development is confined to
characterized bya more orless permanent anti- a coastal strip. The differing properties of the
cyclone. This view is now known to be incor- land and ice surfaces set up and maintain the
reef. Weather data gathered from drifting yes- broad thermal contrasts that later sharpen into

sels, ice stations, air reconnaissance, and an fronts. The locations of the fronts in any given

expanded network of land stations make it abun- case are determined as much by the state of the
dantly clear that the Arctic is a region of mod- general circulation as by the locations of heat
erate synoptic activity. Migratory high and low sources and sinks.
pressure areas, frontal' systems, upper waves,
and jet streams--the familiar synoptic entities A second region of important baroclinic de-
of middle latitudes- -appear regularly, if not fre- velopment is found off the east coast of Green-

quently, north of the Arctic Circle. These, and land during the cold season. Developments are
other features of the arctic circulation, will be often complex in this region, being more in the

discussed and illustrated in this chap÷-r. nature of rejuvenations of old systems from the
Atlantic and North America than entirely new

3.1 Baroclinic Disturbances formations. Vorticity generation in the lee of
the Greenland ice barrier, and heating of arctic

This term refers to large-scale cyclonic air along the edge of the ice pack contribute to
disturbances which owe their origin primarily the developments in this area.
to strong thermal contrasts and which exhibit a
considerable degree of thermalasymmetry. We An example of the less commonly observed
will understand it to include both wave cyclones spontaneous type of development is shown in fig-
and others in which the thermal contrasts are ure 3.1. A weak low not connected in any ob-
not sufficiently sharp to permit easy identifica- vious way with earlier features of the flow ap-

tion of fronts. peared off Greenland on the map for 2 January
1958. During the next 2days it deepened some-

In most areas and seasons, temperature what and moved to the vicinity of Spitzbergen.
differences are greatest at middle latitudes so At that stage a rapid intensification occurred,
that themain regionsof cyclonicactivitylie out- accompanied bya frontogencsis, and on the map
side theArctic. Cyclonesover thepolarcap are for 5 January a deep conventional-looking wave

mostly remnants of storm systems which have cyclone was present near the Taymyr Peninsula.
entered the Arctic during the final or occluded Further minor wave activity then took place on
stage of the life cycle; and once imbedded in the the newly formed frontal system.
cold air they gradually fill and disappear at the
surface, while aloft they may persist for long In addition to these favored regions of baro-

periods as thermally symmetric cold lows. clinic development, there are many other areas
where thermally asymmetric lows appear spora-

Despite the preponderance of cold low struc- dically. The large -scale flow pattern is of vital
lures in polar regions, there are also numerous importance in determining these less regular
instances ofbaroclinic developments. Outstand- occurrences. When the polar circulation is ex-
ing examples of these occur along the northern tremely anomalous, as sometimes happens for
coasts of Siberia, Alaska. and Canada during the periods of several weeks, it is possible for a
summer season. Ultimately they are connected normally anticyclonic region to become the seat
with the strong thermal contrasts that develop of vigorous cyclonic activity.
along the continental shores due to the different
responses of land and ice surfaces to the solar 3.2 Frontal Systems

radiation. The land absorbs a large fraction of
the incident radiation and in this way warms Opinions regarding arctic fronts, among
appreciably. The ice reflects a greater propor- forecasters with experience in polar analysis,
tion of the insolation and, furthermore, cannot range through a broad spectrum. At one extreme
warm above the melting temperature of 320 F. we find the skeptics who question the existence

of true fronts in the Arctic; at the other end of
Although the land-iceboundary Isultimately the spectrum there are those who maintain that

responsible for the summer storms, it should a moreor less permanent "arctic front" oscil-
not be inferred that a more or less permanent lates back and forth along the outer edge of the



I JANUARY 1958 3JNSAY1

It00 a& Q1200 OCT

00

4 JANUA Y 1256 5 JANUARY 1954

loco OCT loco tSC
F igu .1.. xarnple of Spontaneous Development of a Lou,- January 2. 1958 through January 5. 1958.



- 36 -

Arctic. The truthof the matter lies somewhere oversimplification of the facts to say that the
between these extremes, atmosphere is composed of three air masses--

tropical, polar, and arctic--separated by the
There can he no doubt that the phenomenon polar ard arctic fronts. The analyst should not

which the middle latitude analyst marks on his force the atmosphere into a prescribed frontal
map as a front exists also in polar regions, mold. but should decide each case on its own

There are several reasons, however, why fronts merits. In so doing he should follow the rule
are not as prominent in the Arctic as in more that the simplest frontal analysis is usually best.

southerly latitudes, and these probably account It is not good practice to enter a front to account
for some of the skepticism regarding their exis- for every small variation in temperature, mois-
tence. First, except during the summer months, ture, wind, or weather.
fronts are not as frequent in the Polar Basin as
in many other parts of the globe. And such fronts In view of the foregoing remarks the use of
as do appear during the cold season are usually the terms "arctic front" and "polar front" will
well occluded and in the process of decay, be avoided here. However, as stated previously,

fronts of various description do appear regularly

Another factor which tends to make surface in the Arctic. Moreover, there are noticeable
fronts indistinct is the cold air "film" which regional and seasonal differences in their fre-
blankets much of the surface at all seasons. quencies, as may be seen by reference to figures
This film may mask rather substantial temper- 3.2 and 3.3.
ature fluctuations in tile free atmosphere. Over

the pack ice in summer, for instance, surface During the cold season there are two areas
temperatures hoverclose to320 F. in all sectors where fronts are drawn quite frequently in or
of a storm, due to the contact of the air with the near the Arctic. A first area covers the Green-
melting ice surface. However, the cooling land, Norwegian, and Barents Seas, and adjoining

spreads upward relatively slowly so that frontal portions of the Arctic Ocean. The fronts in this
structure may be preserved aloft. Although the area arcusuallyoccluded, althoughother frontal
fronts in such cases are actually upper fronts, structures are analyzed as well. Quite often a
they are sufficiently close to the surface to be front is drawn ira trough that extends from near
entered in a conventional manner on the surface Iceland to Novaya Zemiya. This trough reflects

Ihart tihe major storm 'rack that passes through the
region and is p)ronouncd even on the mean

In rejecting the opposite view- -that there is monthly charts. It is thie practice of entering
a thore (ar less pertnanent "arctic front" present fronts in this trough that has given rise to the
at northerly latitudes--we enter on the delicate term ''Atlantic arctic front." Since the wisdom
subject of frontal philosophy which it is not out, of drawing a front in this trough varies from
intention toaic at length here. We will just note case to case, it should not he regarded as a per-

that all meteorologists agrec that low-level manent fr'ttal zone.
frtonts must continually fracture or dissolve in
order to allow for the necessary exchange of A second area of high frontal frequency in
ih'at between high and low latitudes. Thus, any winter runs in an arc from the Alaska Ran ge int
giv'n frontal system has onlya limited life span, southern Alaska to the Canadian I(ckles. The

anid birth and decay (frontogenesis and frontolo- front in this area is obviously a regional phie-
sis) are ever present. Because of its brief exis- nomenon, connected with the presence of a moun-
tC', we cannot speak of a cecrtainfront as being tain barrier antd the very different properties of
the 'polInt front" or the"arclic front" unless it tile surfaces on opposite sides of the barrier.

is a member of a family of fronts which can be In many instances this front may more correctly
clearlY identified on the basis of latitude, tern- be regarded as the boundary of a shallow cold

perature, ot" some other objective property. layer dammed up against the mountains. The
tsurface front in such cases is dueto the slope of

Even a ctrsory P•"mination of historical thle terrain and not to the elope of the cold air.
weather maps reveals that the number of sepa- Consequently, it is questionable whether it should

rate frontal systems analyzed from Equator to be regarded as a true front. At other times.

pole can vary within wide limits. On sotne days however, the boundary slopes and extends to
fronts may bIe lacktng over the entire length of about the 700-mb. level, justifying the drawing
North America; at other tlmnes as many as five of a front.
or six frontal sYstems may be present. And the
temperatures associated with the fronts can run Sharp fronts in this area are invariably

the gamnut. Unider these circumstances, it is an associated with the approach and passage inland
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of occluded cyclones from the Pacific. When a front deforming it into a wave shape. The frontal
series of cyclones enters the coast, the first system accompanying the storm swecps cast-

produces a low-level frontogenesis over and to ward south of the low center. In the particular
the lee of the mountain range, while succeeding case shown here the front has been analyzed as
lows induce waves on the resulting front. The a cold front. Ordinarily, it is drawn as an occlu-

occladed front from the Pacific lies roughly nor- sion, and not uncommonly some sort of upper

mal to the so-called "arctic front", passing frontal structure is depicted to the north of the
through the wave crest. South of the crest the wave.
occluded front extends to the surface; to the north
it is located aloft over the wedge of arctic air. A fast-moving uppertrough follows the cold

Since nearly all. if not all, waves which form front. The region of temperature concentration
along the "arctic front" owe their origin to dis - and high wind speeds at 500 mb. lies to the south
turbances moving inland from the Pacific, a of the "arctic front", indicating the shallow

proper understanding of the weather attending a nature of this front and the importance of the

particular wave requires that attention be given upper wave in determining the associated weath-
to both frontal systems. er, The tcmpevrnurý t wind cross sections,

shown in figuires :3.6 and ,. respectively, fur-

Figures 3.4 and 3.5 give an example of the ther bring out the distinctions between the two

type of front under consideration andof the inter- frontal systems. The front from the Pacific is
action of a Pacific disturbance with the front, diffuse at low levels, but is moderately strong
A cyclone, which earlier had been instrumental above 850mb. The temperature contrast ispar-

in forming the sharp frontal zone, is located over ticularly large within the zone marked by the
Hudson Bay on the map for 13 February 1957. heavy lines in figure 3.6. In the upper tropo-

The front stretches from this cyclone westward sphere, the frontal zone broadens, and its boun-
and northwestward toa storm entering the south daries become indistinct. The jet core at 300
coast of Alaska, During the next 24 hours the mb. is clearly associated with this more south-
Alaskan low moves inland along the preexisting erly frontal zone.

9- ,e
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The structure of the "arctic front" is very this frontal activity have already beendiscussed.
different. The temperature gradient is huge at Typical examples of developments in this area
and near the surface--35°F. in less than 50 will be presented in section 3.5.
miles--while already at 850 nib. it begins to
weaken, and at 700 mob. disappears altogether. 3.3 Jet Streams and Tropopause
A relatively weak offshoot of the main westerly
jet spreads down over the frontal surface. The Jet streams are necessary counterparts of
winds rapidly shift to east in passing downward deep frontal zones, and wherever such zones
through the frontal zone into the cold wedge be- occur, bands of high winds appear above them.
low. In view of the regular appearance of fronts at

high latitudes, jet streams are a common fes-
In the foregoing illustration, the twofrontal ture, too. Shallow fronts connected with topo-

and wind systems are sharply differentiated, graphical features are not, of course, accom-
Not all cases are so clear cut, though the dual panied by high level jets. On the other hand,
components are nearly always present. It has definitewind maxima often occur aloftabove dif-
been helpful in describing the example to make fuse baroclinic zones which are lacking surface
use of the currently popular term "arctic front." -fronts. Although there is not a one to one cor-
However, since this phenomenon appears to be respondence between fronts and jet streams at
a product of the local topography rather than a high latitudes, nevertheless, their frequencies
feature of the planetary circulation, it would be arc probably not very different.
preferable if it were given a more restrictive
label. In this connection, it is unfortunate that the

term the "jet strenm" -- implying a single river
In summer, a major zone of frontal activity of high winds encircling the globe at middle lati-

appears along the rim of the Polar Basin from tudes--is in such common use. Like the use of
Siberia eastward to the Alaskancoast and thence theterms the "polar front" orthe "arctic front,"
southeastward to lludson Bay. The reasons for it represents a gross oversimplification of the
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Figure 3*i9. Composite Chart of ClIoud Distribut Ion in a ],aye I fromt 5,000 to 10,000 Feel. N1ean ClIoud Amoni'nts
in Okttss (Eights of Sky Covered) Are I'lotted at Points of Averaging. Circle Denotes Low Center
at 5110-mb.; Arrow Denotes the Jet Axis at that level.
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of land. Between 5,000 and 10,000 feet (fig. 3.9), height of approximately 16,500 feet at 500 mnb.
cloudiness is extensive over the surface occlu-

sion, nearthecrestof the wave, and inthe south- During thenext 2 weeks weather events over
east quadrant of the cold low. A strip of nearly and adjacent to the Polar Basin literally revolved
clear skies lies behind the cold and occluded about this mighty low, which gradually filled and

fronts, and a cloud-free area is located behind wobbled erratically about in the area north of

the peak of the wave. The clear strip shifts the East Siberian and Chukehi Seas. Being of

westward with height (fig. 3,10), and the cloudi- typical cold low structure in its later stages, the
ness to the southeast of the upper low center low may be visualized as a large pool of cold
disappears, evidently being connected with the air in cyclonic rotation. Within the center of the
low cloud deck in that region rather than with pool the temperatures were coldest, and they
the main cloud masses of the storm systems, warmed progressively towards the rim. Be-
The total amount of cloudiness diminishes with cause of the appreciable and nearly uniform tem-
height.but the patterns are essentially unchanged perature gradient between center and circum-

except for the differences just noted. ference, it is not correct to think of the cold pool
as a more or less homogeneous arctic air mass

From the preceding discussion it is evident in the classical sense.
that, above the surface layers, the broad fea-
tures of the cloud distribution in arctic distur- During the weekprior to the time of the first
hances are in agreement with accepted models map shown here (fig. 3.12), a series of minor
for frontal-type cyclones. In matters of detail lows skirted the cold pool, passingalong a frontal

there appear to he some deviations from the system at the outer rim. In each case these
models, and also individual cases may differ lows appeared to he initiated by perturbations
considerably from the typical or composite situa- within the cold pool itself or by disturbances
tion. When frontal surfaces are identifiable at which entered the Arctic from middle latitudes,
upper levels it appears that, as a rule, the cloud and in each case they eventually were absorbed
tnass is not inclined along the front but has a into the main circulation. Remnants of two such
lesser inclination, Moreover, the cloud mass systems appear over the Canadian Archipelago
tends to le broken up into a number of discrete and northern Greenland in figure 3.12.
hiyers.

The system of principal interest on the chart
The range of individual variation in the re- for July 14, however, is the incipient wave near

aitionship of clouds and pirecipitation to fronts the Chukchi Peninsula. Douring the next 2 (lays
is Irought oat by the examples in figure 3.11. this wave deepened rapidly as it moved north-
P,i't Iof this variation is no doubt due to surface eastward across the Beaufort Sea, and on the

effects and part to variations in the humidity map for July 1 6 it appears as a deep occlusion
disl ritition and in the strengthi, of vertical too- over the Arctic Ocean to the northwest of the
twns front case to case. Canadian Archipelago. The thickness lines in

figures 3.12,3.13, and 3.14 bring out the impor-
:3.5 11lusi 'a- ive Examiple tant thermal characteristics of the disturbance.

The surface low forms at the outer edge of the
llhe foregoing remarks on the structural regionof strong temperature contrast andduring

featores of baroclinic disturbances will now be the occlusion process becomes engulfed in the

Illsotrated 1)y reference to a specific case. cold air pool.

July 1P 5; was a month of above normall Over land areas the surface frontal passages
eatalliir ar:tivt"y over tile polar area, offering were marked bypronounced temperature clhang-

many exaniples of Yvlogeonesis along the north- es. Foor reasons explained previously, the situn-

er sho~re~s ef Sibra, A la,,ka, and Canada. Early tion was very vdifferent over the ice pack where
in the month a wave disturbance moved rapidly tem•nlperatures fluc(tuated onlya few degrees dur-
eastward along the Siberian coast, from near ing the passage of the storm. Unfortunately,
the TayNmyr Peninsula to the Chukchi Sea, where dropsondes from the Ptarmigan flight were not
it uwderw-Nent a spectacular dteepeninog and spun taken at the right places and times to illustrate
aolrh•tard to a position near 80' N. and 130 long- the large temperature changes taking place just
itou'. The central pressure on the surface chart above the surface cold film. However. prevail-

reached a mninnmum of 975 rub. on the 6th of ing winds at Sachs Hlarbor, on the shores of
,lll-, l'ih, pper-level low. on this date, was Banks Island, were from the direction of the ice

at, led almost directlv above the surface sYs - pack throughout the period so that soundings for

ti1re and! .;•- ver, intense, shwing a central this station ran be used to) illustrat, the nature
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Figure 3.12. Surface Chart for 1230 G.C.T.. 14 July 1956. Danshed [ines Arc! 1000- to 500-rub. Thickness at
Intervals of 200 Feet.
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of the temperature changes at the different levels. to the situation of July 20, 1956. During the 4-
day interval from the previous example, the cold

From the soundings (fig. 3.15), it is seen pool drifted slowly southeastward and is found
that the surface temperature dropped only 5° F. entering the western part of the Canadian Archi -
(from 37' F. to 320 F.) with the frontal passage. pelago on the map for July 20 (fig. 3.16). The
At upper levels the change is much larger- -20 F. earlier occlusion vanished during the interim.
at a height of only 2,000 feet. In cases such as while a later occlusion, which developed from a
this, in which surface temperatures are of little wave near Great Slave Lake, N. W. T. on the 18th.
help in locating the fronts, isobaric configura- is present over northern Baffin Bay. The ori-
t.+na. prc3a;rc tcndcncies maybc used to good ginal low at the surface is still discernible as
advantage. Figures 3.12.3.13. and 3.14 provide an elongation of the low pressure area in the
excellent examples of the relationship between direction of Mould Bay (072).

fronts and isobars during various stages of cy-
clone development. A second frontal system may be noted in

figure 3.15, extending along the northern coasts
To illustrate three-dimensional aspects of of Canada and Alaska to a low pressure area

the frontal, jet stream, and tropopause struc- over the East Siberian Sea. The beginnings of
tures, and the distribution of clouds and precipi- this front are to be found on the chart for the
tation in thebaroclinic disturbance, weturn now 15th (fig. 3.13) in the frontogenesis entered along
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tropopause at the 270-mb. level and lies above a cold low. Only scattered clouds appear in the
the region of strongest temperature contrast in warm sector. A cloud mass rises up along the
the middle troposphere. The maximum wind cold front toa height of about 15.000 feet, Scat-
(estimated geostrophically) is 140 knots. a high tered, light showers fall from this cloud system.
value by middle latitude standards even for win- To the rear of the cold front, strong subsidence
ter storms. Isotachs of the strongest winds ex- dissolves the frontal clouds. However, a low
tend downward along the frontal boundary. The stratus or stratocumulus persists at the top of
relationships between the jet axis, tropopause. a mixinglayer next to the ground, trapped there
and temn-perature field are particularly striking by the cap of subsiding air.
at the 250-mb. level (fig. 3.19). The observed
coincidence between the jet axis, the tropopause, An extensive cloud mass pervades the in-
and the strip of cold temperature is character- terior of the cold low, rising to the tropopause
istic of only the strongest middle-latitude sys- near the low center. Stations within the inner
tems and cannot be regarded as a usual feature region all report occasional snow. Except when
of arctic disturbances, a cold low is in the later stages of dissolution,

overcast skies and patchy areas of precipitation
Thecloud distribution in figure3.17 is con- are the rule.

sidered to be typical of cases in which the sec-
tion passes through both an active cold front and 3.6 Cold Lows
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The term "cold low" is applied to an upper- migration of Atlantic depressions which, though

level cyclone which is more or less thermally occluded, still possess some degree of thermal

symmetrical about the center of lowest pressure asymmetry sothat thecold low maybe regarded,

or height, the point of coldest temperature coin- in large measure, as the end product of the oc-

ciding roughly with the low center. The circu- clusion process. The origin and maintenance of

lation in the cold low is strongest at the tropo- cold lows over the Polar Basin in summer are

pause and diminishes in intensity both upward obviously related to the occlusion of baroclinic

and downward. The cyclonic circulation at the distarbances, as shown in the previous section.

ground is often weak and may be lacking in some

cases. As an exampleof acold low, we maycite The case of January 2, 1957, provides a

the quasi-permanent cyclone which hovered over good example of a cold low situation. The 500-

the Polar Basin throughout the July series dis- mb. chart for the date (fig. 3.20) shows a deep

cussed in the previous section. Here we shall low centered over Ellesmere Island with an inner

elaborate further on the characteristics of cold temperature of -47.9°C. reported at Eureka

lows and examine a typical winter case. (917). The isotherms do not coincide exactly
with the contours, the o(nler of gravity of the

It is often difficult to trace cold lows back cold air being di-placed sumewhat to the north-

to a distinct initial stage, partly because data is west of the low center, and the thermal concen-

frequently lacking in critical areas and partly tration being considerably larger to the south of

because the cold low normally represents an the center than to the north. A band of relatively

offshoot of a larger circumpolar vortex from high winds encircles the low, with Thule, Green-

which it may not always be clearly distinguished. land (202) reporting a speed of 50 knots. Further

In carvý where a distinct origin may be noted, to the south, near Sachs Harbor(051), a reported

it appears that baroclinic developments play an wind of 55 knots marks the entry of a second jet

important role in the formation. Thus, cold low into the cold low system. The cyclonic rircula-

formations north of Greenland and Spitzbergen tion exhibits the characteristic weakening down-

in winter are connected with the northward ward, so that onlya faint reflection of the upl)er
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low may be detected on the surface chart (fig. latitude jet stream is connected with this second
3.21) in the form of an extension of the trough zone, a maximum geostrophic speed of 100 knots
from Baffin Bay. occurring at the 300--mb. level. At the southern

end of the cross section, the tropopause is located
The cross section in figure 3.22 gives added near the 250-mb. level and dips to the 400-mb.

perspective to the temperature and wind struc- levelupor. approaching the lowcenter. Near the
tures. As in the summer case discussed pre- center the tropopause is indistinct, as is often
viously, the"cold air mass" isnot homogeneous the case in winter situations.
but possessesa fairly uniform temperature gra
dient that extends from near the surface to about During the cold season, weather conditions

400 mb. Distinct, though relatively weak, wind in cold lows are highly variable so that it is
maxima lie above the zones of strongest tem- questionable whether it is permissible to gen-
perature concentration near Isachsen (074) and eralize from a single case. However, certain
Alert (082). The concentrations are not suffi- aspects of the present example are considered
ciently pronounced to be regarded as fronts and to be representative. It will be noted from the
are not connected with surface frontal systems, surface chart that the sky is overcast beneath

the low center aloft and that the cloudiness di-
Surface temperatures in the area of the cold rminishes outward. Most peripheral stations

low are controlled largely by cloud cover and report clear skies. At several stations (Isachsen
wind speed. Thus, Eureka at the center of the (074), Resolute Bay (924), Thule (202)) close to
low, with an overcast sky and a lt-knot wind, the center, ice needles areoobserved, and at one
has a higher surface temperature than stations of these (Resolute flay) a trace of snow has fallen
further removed from the center, in the past 6 hours.

A second dee) baaroclinic zone without defi- Generally speaking, cold lows are charac -
nite frontal structure is evident in the vicinity terized by much less cloudiness and precipita-
of Sachs Harbor (051). A more prominent high tion in winter than in summer. On occasions

n':'r •2, N~rl ' 'dI.ar• ,'r 12 td i(.T. 2 .;nn or •'57.
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shes may be clear throughout the area of the above this the isothermal layer extending to
low, but usually In such cases a number of sta- about 780 mb. (6,000 feet). The dual aspect of
tions report ice needles so that, in fact, a form the inversion is a common feature and has led

of condensation (or deposition) occurs, some investigators to introduce separate terms
for the two components. The term "ground in-

The differences between weather character- version" is often applied to the shallow, intense
istics in summer and winter can be accounted lower portion and "main inversion layer" to the
for by differences in temperature. At the low thicker upper stratum. However, no physical
winter temperatures, the liquid water content reason has been offered for the separation, and
of the air is extremely small, of the order of it may be that the division in many cases is due
one-tenth the summer value in the Arctic and to an economy in coding rather than to a real
one-hundredth the value In temperate latitudes. discontinuity.
Moreover, when temperatures are below -40* F.

water vapor may be precipitated directly in the The weather conditions at the time of the
solid form without first passing through the sounding are plotted above the ascent curve.
liquid phase. Because of the very small amount Note the clear skies and light winds, factors
of moisture available and the possibility of direct which generally favor the formation of radiation
transformation from vapor to the solid phase, inversions. The wind at gradient level is also
it is not surprising that condensation phenomena shown.
should appear different in the two seasons.

A second class of arctic inversion, and per-
3.7 Low-Level Inversions haps the only other type of importance, is the

so-called advection inversion. This type forms
Low-level temperature inversions frc- when relatively warm air blows over a cold sur-

quentlyoccur over theentirepolar region inwin- face that is not ableto adjust its temperature to
ter andover ice and snow covered areas in sum- the air temperature. As an example of such a
mer. The physical processes that give rise to surface we may cite the top layer of the pack ice
these inversions are in no manner peculiar to during the summer melt-season or the surface
high latitudes. However, certain of the processes of an extensive snow field during periods of thaw.
are particularly intense or prolonged at these Heat loss by long-wave radiation gradually cools
latitudes so that arctic Inversions are often the upper warm portion or "nose" of the inver-
markied by unusual depth, strength, and persia- sion so that its strength depends largely on the
tence. We shall review here, briefly, the main initial warmth of the air and on the length of
processes connected with the formation and time it has travelled over the cold surface,
maintenance of arctic inversions and shall pre-
sent examples of some common types. The dropsonde in figure 3.23 (C), taken over

the Beaufort Sea on 4 July 1956, affords a strik-
The great bulk of polar inversions may be ing example of an advection inversion. Exact

classed as radiation inversions; that is, inver- surface weather information is lacking, but from
sions formed primarily by anet loss of radiation flight observations and analyzed charts it is
from the surface. When a radiation deficit de- known that a low overcast prevailed and that
velops, the temperature of the surface drops warm air was being advected northward in ad-
quite rapidly thereby reducing the emission of vance of a deepening cyclone.
long wave radiation and increasing the conduc-

tio of heat from below. Finally, a state uf equi- Variations in sky cover, wind speed, and
librium is reached in which the net outgoing vertical motionproduceimportant modifications
radiation is balanced byrmolecular heat conduc- of inversions. The effects of sky cover are par-
tion from subsurface layers and by eddy heat ticularly pronounced in the case of the radiation
transfer from the atmosphere to the surface. In inversion. Clouds of sufficient thickness corn-
this equilibrium state, the air temperature is pletely absorb the outgoing long-wave radiation
cidest next lothe surfaceand increasesup'ward from the surface and, being perfect abaorberq,

to heights which vary from a few hundred feet to they emit as black bodies at their own tempera-
scveral thousand feet, depending on the individual ture. If the cloud temperature is higher than the
situation, surface temperature--as will often be the case--

the emission from the cloud base will be greater
An example of a t vpic-al radiation inversion than from the surface, and the surface tempera-

is shown in figure 3.23 (A). Note the rapid in- turewill rise. The cloud top is cooled by radia-
crease of temperature with height in the lower lion to space, hut since the cooling is distributed
70 tnt. (1025 nib. to 055 mb.--1,600 feet) and throughout the cloud by mixing, only a minor
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inversi(ton is form ed at the cloud to|p. The net an bout 1,500 feet thick anid i!; su rioounttud by an

"esult of cloud covert, then. is to weaken and well marked inversion layer. The strong winds

elevate the inversion. (25 knots at the surface, ,49 knots at gradient
level) have established an adiabatic lipse rate

Under stable c-ondlitions turbulent mixing next to the.surface and arecausing snow to blow

girves rise to it downward flux of heat, the ring- and drift.

iturde of which increase., with increasing wind
Speed. Thus, if the surface wind were to Although difficult to measure, vertical mo-

strengthen, in case A of figure 3.23, more heat tions can play a significant role in forming and

n'%n'nl fl':V, towards the surface, warrming the destroying inversions. Downward motion, or

lower layers at the expense of those higher up. subsidence, warms the air in the free atmos-

In this wa• ai positive lapse rate of temiperature phere relative lothe air next to the ground, which

Noruhli develop near the ground, and if the wind is constrained to move parallel to the earth's

were sufficiently strong the lapse rate would surface. The relative warming aloft can

;approryrch thtr drIt- adiabatic as a limit. strengthen an existing inversion or tend to pro-

duce inversion conditions where none existed
"TIrhr effect of rrixing by the wind is well previously. Upward motion has the opposite

Illusirrated vh sonlnirrrrng Bt of figure 3.23. The effect. Theseeffects of vertical motionexplain,

lh- rr layer , or r'mixing ta~x'r" in this case, is in part, the fact that inversions are generally
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more intense in anticyclones than in cyclones.

Since wind and clouds are strongly influenced
by local topography, it is apparent that irregular
variations in the form and strength of inversions
may occur on a synoptic scale. It is often diffi-
cult, therefore, in analyzing cross sections to
maintain continuity on inversion structure from
one station to the next, especially if stations are
far apart and subject to different geographical
influences. However, at any one spot the be-
havior of the inversion can be explained in terms ,

of the factors discussed above, and provided that
these are forecast correctly, the local behavior
can be predicted.

3.8 Cyclone and Anticyclone Behavior

In this section data on the frequency of
occurrence of cyclones and anticyclones will be

used in conjunction with preceding information Z
on frontal frequencies and mean circulation pat-
terns, in order to arrive at a description of the Figure 3.25. Percent FrequencyofAnticyclonesln Win-
behavior of synoptic systems in winter and sum- ter North of snfN. per 100,00 Square Miles.

mer.
wegian Sea and a second northward into Baffin

3.8.1 Winter Bay. Secondary maxima of cyclone frequency

lie in each e'xtension. Other minor areas of above
From figure 3.24 it is seen that cyclones average occurrence of lows are found north of

are most frequent in the region between Green- Greenland andover theQueen Elizabeth Islands.
land and Iceland, giving rise to the so-called These latter areas may be fictitious, reflecting
Icelandic low. The corresponding feature in the a tendency for analysts to prematurely drop lows
Pacific, the Aleutian low, lies just off the region which move along the northern shore of Siberia
of the map. The area of high frequency has two from their analyses and then to reanalyze them
extensions, one northeastward across the Nor- when they appear near-Ice Island T-3 or stations

in the Queen Elizabeth Islands.

4 - -In general, cyclone frequencies are low in
the areas where anticyclones are predominant,
figure 3.25. These are seen to be the regions of

the Siberian and North American h!ighs, anti
46 10 Greenland. Because of the large reductions to

sea level, the computed pressure values over
* Greenland maybe questionable; therefore, some

suspicion arises regarding the significance of
the statistics In this vicinity.

The main features of cyclone behavior in"winter may be summarized with the help of fig-
ore 3.24. Major storm tracks are found in the
IPacific, carrying storms into the Aleutians and

Sthe Gulf of Alaska where they fill or weaken.
Many Pacific storms regenerate east of the
Rockies, and another major storm track leads
from this area to the vicinity of Iceland where
it converges with a major track from the east

coast of the United States. Many storms with
..2.i. 1',,r, em ftrcquvone ,t i ( i n a Winter occluded or cold low structures stagnate and fill

r (.*, per -, "i0{Sqc;;e MSq es. off the southern tip of Greenland. However, some
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drift up the east coast and occasionally enter
the Arctic Basin. Others rejuvenate between
Iceland and Spitzbergen, leading to a secondary
region of high cyclone frequency and to a major . .
stormtrack whichpasses across NovayaZemlya / ",/•"s
into northern Siberia.

Although many storms die out along the
Siberian coast, others continue across the Arctic
Sea and approach the Queen Elizabeth Islands I
from the west. When strong blocking highs are w

present over Alaska, storms from the Pacific ;

enter the Arctic Basin and generally move into
the islaads of northern Canada.

Baffin Bay is a collecting area for many
types of lows. Some arrive by way of the Queen
Elizabeth Islands. Others approach from the
North American Continent. Stillothers form as
a result of lee cyclogenesis when the circulation
around deep cyclones near the southern tip of 3.27 Percentage Frequency of Occurrence of

Greenland brings an easterly flow across the Anticyclone Centers in Squares of 100,000
icecap, Square KClometelrs, July ihroulgh Septem-

ber.

Minor storm tracks are present over Europe
and western Siberia. These lead into the minor noted, however, over Siberia and in the center
upper-levoltrough over the Kara Sea where fill- of the Arctic Ocean where cyclones occur much
ing generaily occurs, more commonly in summer. In fact, it appears

that a region comparable in cyclone frequency
3.8.2 Summer to the Icelandic area exists over the interior of

the pack ice. Other areas of relatively large
As in winter, cyclones are especially fre- cyclone frequency appear over the Kara Sea, off

quent off the southern tip of Greenland and over the Norwegian coast, and in interior Canada.
Baffin Ray (fig. 3.26). Important differences
between cyclone behavior in the two seasons are Cyclones are infrequent over Greenland, the

Beaufort Sea, the northern tip of Norway. and
parts of Siberia.

r _ "According to figure 3.27 atiocychlnes pre-
I fqz .I dominate in Greenland and in the western portion

'7 l , • / ~of the Queen Elizabeth Islands, and to a lesser
"/ / i -. degree over the Kara Sea. If latitudinal aver-

ages are taken, anticyclones are found to be most
.•,. frequent in the belt about 75 N. Cyclones, on

I . the other hand, have latitudinal maxima near
• X 60* N. and the pole.

- , . The main features of cyclone behavior in
"I/ •. - summer may be summarized with the hell) of

,., . figure 3.26. As in winter major storm tracks
. ,, "converge in the Iceland area where some stag-

nation and filling occurs. The continuation of
"this storm track, however, is further south in
"summer, lying across southern Scandinavia and
"northern Hussia.

!"l";1"1,I, ]l~','t ,l~ I'req'l~enc.,,' (IC ( r';re'lclC of#

-, ne Cenivis in Sq.iwirv s 10fo.oo0 The development of frontal or baroclinic
i" .r.c'hr,,ugh 'wClICeni waves over Siberia gives rise to major and minor

stormiracks which terminate in the area of low
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pressure and high cyclone frequency in the cen- undergoes only small, slow changes. The tropo-
tral Arctic. Some of the storms in this area spheric storms generally damp out in the lower
continue to migrate eastward tothe Queen Eliza- stratosphere. Higherup insummer thereexists
beth Islands. Also, storms from the Pacific an easterly flow which appears to behave inde-
occasionally move through Bering Strait and pendently of the tropospheric circulation. In
along the northern shores of Alaska and Canada. winter the very large-scale disturbances of the

tropospheric flow are still evident at the highest
A major stormi it-auk ends near the coast of levels yet studied. However, these disturbances

southeastern Alaska and recommences in the lee tend to be quasi-stationary and to vary little in
of the Rockies. Storms which follow this track intensity.
generallycome to rest in Baffin Bay where they
are joined by storms from the United States and Despite the usual quiescence of the strato-
from the other regions mentioned previously, spheric flow patterns, it hasbeen found inrecent
The resw.t is a cvntinuation of the high cyclone years that one or several times each winter an
frequency in this area. upheaval of the first magnitude may occur in the

circulation at polar and subpolar latitudes. The

3.9 Stratospheric Disturbances most striking feature of the stratospheric dis-
turbances is the drastic temperature rise which

As a rule, the stratospheric flow pattern accompanies the changes in flow, so that the

3 S .
// " /

/,' "I///

I', , o' . , / -

"" • z .t Srl~pcr -lr uIal,n .... "aur . ' /S~
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phenomenon in question is usually referred to as greatly amplified and formed a two-wave pattern.
a sudden or "explosive warming." Closed lows had appeared in each trough, the

pool of cold air over the pole had split and mi-
An example of a sudden warming is contained grated to lower latitudes, and the main warm

in figures 3.28 through 3.30. At the beginning areas had intensified and moved northward to
date, 25 January 1957, the stratospheric circu- opposite sides of the pole.
lation was nearly normal for the season, Major
troughs were present over North America and The trends noted during the previous 10-day
eastern Asia. A minor trough appeared over period continued during the next 5 days, and on
Europe. The ridge in the Alaskan region was 9 February (fig. 3.30) a truly remarkable trans -
also prominently developed. The temperature formation of the circulation was in evidence.
field displayed the typical warm pocket near Symmetrically placed pairs of highs and lows
Kamchatka and the pool of cold air about the pole, existed in the belt between 60*N. and 70'N.
Other areas of warmth were present off New- Warm temperatures had flooded the polar cap,
foundland and in Asia. values as high as -25*C, and warmer being re-

corded near the pole. The cold pools continued
In the ensuing 10 days drastic changes of their southward migration.

temperature and circulation took place. On 4
February (fig. 3.29) troughs and ridges were At the end of the warming depicted here

I X,

Figure 3.29. Stratospheric Circulation on 4 February 1957.
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generally high pressures anl warm tempera- The origin of the sudden warming phenom-
tures prevailed over thepole, thestrong wester- enon is still a mystery. It was first believed to
lies of the winter stratosphere having been re- be caused by outbursts of solar corpuscular or
placed by the easterlies characteristic of the ultraviolet radiation, but thisview Is now pretty
summer season, ina periodof lessthan amonth, much discredited. The fact that the warming gen-
During March, however, the pattern reverted to erallybegins ul the higlhest levels of observation
its earlier state, though much reduced in inten- and Is most intense at these levels Is regarded by
sity. many as evidence that the disturbance begins high

in the stratosphere and propagates downward.
The behavior of the sudden warmings varies

from year to year. Some years seem to be char- Whether significant disturbances other than
acterized by several minor warmings during the the sudden warmings occur in the stratosphere
winter followed by a gradual transition to the is a matter of question. Some authors believe
summer pattern during a period of several that the intense temperature gradients associated
months. In other years a major warming takes with the polar night vortex and stratospheric jet
place as early as January and much of the change stream generate baroclinic disturbances in the
in circulation is accomplished at that time. It stratosphere which are distinct from those in
is doubtful, though, that a complete changeover the troposphere. Definite confirmation of these
ever occurs that early, moving, amplifying waves Is awaited.
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4. ARCTIC SYNOPTIC ANALYSIS

4.1 Preliminary Remarks form synoptic analyses on a daily basis for the
entire Polar Basin. However, the analyses are

The previous chapter dealt with the struc- often subject to considerable uncertainty, and
ture of arctic weather systems. This chapter the analyst must take more than ordinary pains
will be concerned with principles and procedures to insure that his solution in a given situation is
for analyzing these systems, the best possible. Inthis respect, polar analysis

has much in common with analysis over other
No special methods of analysis are used in oceanic areas where synoptic reports are scarce.

or recommended for polar regions. The arctic
atmosphere is most properly thought of as an Procedures for analyzing in areas of sparse
extension of the extrapolar atmosphere, subject data or "silent areas" will be discussed in sub-
to the same dynamic and thermodynamic con- sequent sections. These procedures are based
trols and amenable to the same methods of anal- on the following guiding principles:
ysis. In this respect polar meteorology differs
from tropical meteorology, which does treat of (I) Maximum use of available data. The
distinctive synoptic features and does make use arctic analyst must exercise unusual care in
of special methods of analysis, compiling data. He must acquire a knowledge of

all reports that are to be expected from remote
Despite the basic similarities in the circu- areas and must constantly check to see that they

lation patterns of high and middle latitudes, the have been received and plotted.
neophyte in arctic meteorology is more apt to be
impressed by the apparent differences between (2) Careful time continuity. History must
the weather phenomena of the two zones than by be maintained on highs, lows, and fronts, and
their similarities. The reasons for these dif- reasonable extrapolations must be made when
ferences are to be sought in differences in in- these features move from areas where data are
tensities and frequencies of the various synoptic plentiful to areas where they are scanty.
features, in the modifications in air flow pro-
duced by geographical factors, and in the diffi.- (3) Systematic checks for vertical consis-
culties imposed by a sparse observational net- tency. These may be accomplished by various
work. methods of differentlalanalysis. A general con-

sideration of the subject will not be entered into
Thus, the persistent low-level inversion here, although one "buildup" technique which has

intr'oduces complications into surface analysis, been ued successfullyover the Polar Basin will
as has already been discussed to some extent in be explained and illustrated In the next section.
the previous chapter. Moreover, old occluded
cyclones or cold lows are more common in polar (4) Knowledge of the synoptic climatology
regions than young, thermally-asymmetric de- of the area. The analyst can analyze more ima-
pressions. These older, decaying systems do ginatively if he has some knowledge of typical
not possess the sharp features of the maturing synoptic behavior in the region of interest. As
disturbances, and, therefore, maybe difficult to a substitute for experience, the newcomer to an
delineate, especially in regions of sparse data. area can familiarize himself with published

material on cyclone and anticyclone frequencies,
On the geographical side, Greenland exerts storm tracks, etc. A summary of the behavior

profound influences on the air flow in its vicinity, of synoptic systems in the Arctic is presented
Other topographical features which affect the in section 3.8 of chapter 3.
behavior of pressure systems, but to a lesser
degree, are the mountains of Alaska, eastern In summarizing thesepreliminary remarks,
Siberia, the Canadian Archipelago, and Scandi- it is noted again that arctic analysis does not
navin. pose any unique problems of a fundamental sort,

but offers instead a host of lesser or secondary
The most formidable problem of polar anal- problems, many of them emanating from the lack

ysis stems from the deficiency of the observa- of an adequate network of observing stations.
tional network over the arctic seas. During the
past decade, thanks to the maintenance of drift- 4.2 Surface Analysis
ing ice stations and to regular weather recon-
naissance flights, it has become possible to per- Over areas of the Arctic where observational
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data are ample, isobaric analysis presents no present, preciseuse should bemade of reported
special difficulties. Thus, our main concern winds aitd pressure in drawing isobars over the
here will be with analysis over the Arctic Ocean Arctic Ocean. Because of the flat and uniform
where the amount of data is quite limited. Fig- surface, winds are highly representative, and,
ure 4.1 shows the present (1961) observing net- therefore, can be used to good advantage in
work north of 65 degrees. It is seen that the orienting and spacing the isobars. On the aver-
main sources of data beyond the continental age, the surface wind makes an angle of 200 to
limitsare the varlousoffshorelslands, thedrift- 40

0
with the lsobars and blows at40 to60 percent

ing ice stations, and the aircraft reconnaissance of the gradient wind speed. Variations in wind
flights. Surface synoptic reports are sent by the speed and stability may alter the above figures
islands and drifting stations every 6 hours. A somewhat but are not sufficiently important to
number of these stations take twice-daily upper be taken into account in routine analysis.
air observations as well.

At coastal and inland locations winds must
Reconnaissance flights are made once a day. be used with discretion in isobaric analysis be-

The usual flight plan Involves a first leg at the cause of terrain effects. In mountainous regions
700-mb. level from near Point Barrow north- fictitious pressure gradients appear which make
ward to about 86*N., a second leg at the 500--mb. isobaric analysis difficult (or meaningless).
level from there to about 798 N. 1270 W., and a These are due In part to the pressure reduction
final leg also at 500 mb. from the latter point to to sea level and in part to the action of mountain
Barter Island. Temperature, humidity, and wind barriers in building and maintaining large pres-
measurements are made at intervals of 150 sure differences between low-level stations on
miles. Dropsondes are released at five prede- opposite sides. The significance of sea level
termined spots en route. isobars a mile or more below the surface of lhe

Greenland plateau has often been questioned. In
In addition to operating two drifting ice sta- this and other areas of high topography, the

tions (usually) from which both surface and analyst should put greater stress on upper-air
upper-air reports are sent, Russian scientists charts in specifying the flow pattern, especially
also make occasional short-term landings on the the chart for the first pressure surfnce above
ice pack. The analyst must maintain a constant the general ridge level.
lookout for the weather reports from these more
temporary locations. Surface frontal analysis is more difficult in

the Arctic than at lower latitudes. A first reason
Once all available data are plotted, the for this is that, on the average, fronts tend to be

analyst should mark the previous positions of weaker at high latitudes. The thermal contrasts
! , lowlows, fronts, and non-frontal troughs on are not generally so strong, and many of the fronts

his chart and should mentally, at least, estimate are old occlusions undergoing frontolysis. A sec -
the probable locations of these features on the cond difficulty has been mentioned earlier. Ithas
current chart. The estimates may be based on to do with the poor association between surface
either kinematic or dynamic extrapolation tech- temperature changes and temperature changes
niques. aloft when Inversion conditions are present.

A useful rule in extrapolating surface low Time sections or continuous records of
centers is that to a first approximation they move pressure, temperature, wind, sky and weather,
parallel tothe flow at 500 mb. and at one-half the conditions, and precipitation amount are helpful
500-mb. wind speed. The same rule can be ap- in detecting frontalpassages at isolated stations.
plied to the segments which compose a surface Byconsidering allelements theanalystcancom-
cold or occluded front. When the pressure sys- pensate for the indecisive nature of the temper-
tem is nearly vertical, the rule does not hold ature record. The analyst at a weather center
well since the steering field above the low cen- does not, of course, have immediate access to
ter changes direction too rapidly, In such cases continuous records from ice stations, but keep-
the movement of the surface system is governed ing a running record of the 6-hourly synoptic
largely by the movement of the low aloft. A observations offers a worthwhile substitute.
simple method for displacing upper Iows is given
in the following section on upper-air analysis. A log of 6-hourly reports proves helpful in

otherways. Whenmaps areanalyzed atonly 12-
The next step in the analysis is to fit the or 24-hour intervals, the information from the

estimated picture of the situation to the few intermediate hours allows the analyst to deter-
available reports. Unless obvious errors are mine more accurately the time of passage of
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significant features, such as troughs and ridge-
lines, and the intensity at the time of passage.
When reports are missing at standard map
hours--as happens all toooften in practice--the
6-hourly reports provide a more recent basis

for extrapolation.

4.3 Upper-Level AnalXsis

As in the case of surface analysis, good
upper-air analysis over the Arctic rests on max-
imum use of the available data, on the mainte-
nance of careful time continuity, and, to a lesser
degree, on a knowledge of the synoptic climatol- 2 T
ogyof the area. In addition, some method of dif-
ferential analysis is required over portions of
the Polar Basin so that upper-level contours
may be thermally consistent with the surface Figure 4.2. IllustratiornofBoxMethodofDisplaclng500-
isobars, mnb. Trough.

The present (1961) sources of upper-air where the Z's are heights in hundreds of feet at
data are shown in figure 4.1. North of 70* N. the the appropriate grid points. In displacing lows,
numberof observations is quite limited, and the it is necessary to measure the component dis-
analyst will have little difficulty familiarizing placements in the east-west and north-south
himself with the types, times, and locations of directions and to sum these vectorially.
reports.

The contours in figures 4.3 and 4.4 give
Although theuseof differential analysis will some information regarding the climatology of

usually assure that important features of the upper-level systems. In winter it is seen that
upper-level flow pattern are delineated and the lows tend to collect mainly in two areas--In
placed in proper relationship to surface pres- the large troughs west of Greenland and over
sure systems, it is, nevertheless, advisable to northeast Siberia. A third trough of lesser im-
maintain separate time continuity for the higher portanceis located near Novaya Zemlya. Ridges
levels as well. Previous positions of h and predominate in the vicinity of Alaska and Scan-
low centers and troughs and ridges should be dinavia. Areas of mean troughs und ridges
marked on the current chart, and the analyzed
positions of these features should represent rea- -1 /
sonable extrapolations from the earlier state. ,

A number of methods which are superior in , . ,
accuracy to simple extrapolation, are available '

for estimating the displacement of 500-mb. " -
troughs and ridges. A method which is quick \
and easy to apply and which gives useful results b
is the grid or box method. This is one of several,,
methods which displaces systems according to
the mean wind field, a procedure which finds / . 7,

theoretical justification in the Fjortoft method. , '

A box 20 degrees square has been employed \
successfully in displacing both closed lows at 4

high latitudes, and troughsand lowsat middle -- , ,,, , , .
latitudes. An example of such a box, oriented \ '' ,/. •
so as togive the trough displacement at point 0, .
is shown in figure 4.2. For a polar stereogra- , i -.

phic projection the 24-hour displacement in de-
grees of latitude is computed from the following Figure 4.3. Schematic Diagram of Cyclone Behavior
formula: Over Polar Areas in January. Dashed Line

D = [(Z 2 - 7 +) - (Z4 - Z3) + (Z 6 - Z5)) Is Selected Mean Contour at 500 rib.

4 .. ...Z4 -..)
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thickness, and provides a means of obtaining
500-mb. heights at selected points when the sur-
face pressure and 700-mb. temperature are
known.

To facilitate use of the method, nomograms
. i~ "havebeen prepared foreach of the four seasons.* \ 1 A .• •. The analyst first analyzes the surface isobars

... and the 700-mb. isotherms, taking care that the

. :'-• isotherms bear a reasonable relationship to the
/ " ", surface flow pattern and that they follow logically

"*from the previous analysis. Onlyat the synoptic
. hour coinciding with the reconnaissance flight

' / will it be possible to draw the isotherms with a
high degree of accuracy. Once the analyses are

" - \ t,,. completed, the analyst interpolates pressures
and temperatures at various latitude and longi-

" • "tude intersections and enters the graphs with the
% .x interpolated values. The corresponding heights,

.- '"as read from the slanting lines, are then plotted
on the 500-mb. chart.

Figure 4.4. Schematic Diagram of Cyclone Behavior

Over Polar Areas in July. Dashed Line is For a specified surface pressure and 700-
Selected Mean Contour at 500 nib. mb. temperature, the standard error of estimate

of 500-mb. height is approximately 70 feet irre-
should be regarded as areas where daily troughs spective of season. Since, however, in practical
and ridges are especially intense or persistent, application the analyzed pressure and tempera-
and it should benoted, for instance, that migra- ture may be somewhat in error, the analyst
tory lows may be rather common in the area should allow himself a tolerance of about 100 to
where average conditions show a ridge. 200 feet in analyzing for the computed heights.

The nomograms are presented in figures 4.5
From figure 4.4 it is seen that a four-wave through 4.8, and an example, based on the July

pattern prevails in summer. The trough to the nomogram, appears in figure 4.9.
west of Greenland remains in about the winter
position as does the minor trcugh near Novaya Most of the remarksconcerning upper-level
Zemlya. The second major trough migrates analysis have dealt with the 500-mb. surface.
eastward to the Aleutians, and a new trough ap- This surface is generally regarded as the key

pears near Iceland. Again these troughs tend to upper level, and usually provides a good basis
he collecting areas for lows, though they fail to for interpolation downward and extrapolation
bringout thearea of high cyclone frequency near upward. As a rule, the broad features of the
the pole itself. 500-mb. pattern are still recognizable up to the

150- or 100-mb. levels, Hligher in the strato-
Vertical or thermal consistency may be sphere the flow pattern may change considerably.

achieved in a number of ways. Here we shall In winter, at 50 and 25 millibars, very pronouneod
describe a method that has been tried and found large-scale disturbances develop over the polar
useful in analysis over the Polar Basin. This regions which appear to be unrelated to the tro-
method is based on statistical relationships be- pospheric flow. These are discussed further in
tween 700-tnh. temperature and 1.000 to 500 mb. section 3.9 of chapter 3.
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5. ARCTIC FORECASTING

Arctic forecasting, like arctic analysis, One cannot read this section without realiz -
cannot be regarded as a fundamental branch of ing that much remains to be done in the field of
meteorological science, but must be viewed in- arctic forecastinig. It is hoped that the emphasis
stead as an extension of the concepts and methods here on physical understanding of the various
orf middle latitude forecasting to the prediction phenomena will provide the forecaster with the

problems of the Arctic. It is beyond the scope background for fresh attacks on the more press -
of the present work to review the wide variety ing problems.
of techniques that are currently in use in pre-
paring prognostic charts and in forecasting the 5.1 Wind
associated weather conditions. It is sufficient
to say, that in the discussion which follows it 5.1.1 General Remarks on Wind Types
will he assumed that the forecaster has available
to himi--by facsimile, teletype, or his own de- In discussing the problem of wind forecast-
vices--a prognostic chart, and that this chart ing it is important to distinguish between winds
provides him with the information be requires which are part of the large-scale circulation

regarding the behavior of the large-scale flow patterns, as depicted on the synoptic chart, and
pattern. A review of methods for constructing winds which are of local origin. These latter

prognostic charts maybe found in Volumes I and winds, or local winds as they are called, ace
I1 of l'etterssen [8]. connected with features of the local topography

and may be divided into two main categories

It will also be assumed that the forecaster according to their mode of formation.
is f~amiliar with the techniques used in deriving
objective for'ecast aids of the type used in local A first type of local wind arises from dif-
forecast studies. A description of these tech- fecential heating ort cooling of the air on a re-
mo~pies is contained in Volume 11 of l'etterssen stricted scale. Examples of winds of this type

Ill I. arc sea and land breees, mrountain and "alley
hrecezes * anid glacier winids,

A It llriiil gh Ile principles and methods uised
in I In Ireninutrt i of arctice forec ast p roblems5 are SocItwIrinds ar'eltouch affected by the( gente ral1
inir llWily IreC a Ii ar to the polar~ar region.,, the limit- w int in the a rven in some instances being re in -
Irriiis themtselves are in ninny easeS unique, or' forced] by thre prevailing wind, in other ease.-
nvei7-rly Uuniqulet. Ice' foig and blowing snow may he being c ounte racedtc or ecomplletelIy silili cc 5adl

cite ar1 eiI'xamphles if phenomenacn whticeh constitute
nip o itant firrecas! piroblIemis at hright latitudes TI'he seconod maisin typie of local windl may lie

but which arc oif o)nlY oinfir imrportaclec else - thbought of as, a di sturhbancec in tihe large'- scaile
where i. flow brought about by somae feature of the local

topography throrugh mechanical aCtli)O mother

Piniia t 'tinll :r.s is there wtill he on ths litcIhanr thrioough thermal atclion,* as in thel liceviouti

I'lltiiiiiierilr whicht air' iiort' or less peculiar toi type. The thcrmrIlly-induccd wind Is seen in its
highi lilt itiies. I ,s',er attention will lbe devoted purest form when the pressure grairdent is flart

to lithei'r asp ctis of ithle forecast lirib ler w hichi arnd the general w intl is Ilight or absent.* The
are peri-lps a Iight li 

1
va Itt'c(' unde r arctIic c ond i- miechanically -indo red windl cannot exist w ithiout

trios tart which ,ot itheri-Ase the same is at a general wind and is most pronounced when the

ii rlidle In' ittudes. pressure' gradient is large and thle windl strung.

Ano Ittiu'lnpt ias luecI aniled loI include in the 'terost faimiliar example of a local winrd
disi-iis'ion ill mieteoiroloigical elrements arid pit(e- of ttie mechanical type is the fochn, a warmr, dry
tiirieria which atec of optaneto the arctic wind whichliC ocurl, when illt' lorgV-b~aole preCssurek

forcaser.Ili cacti cast' the significant empirir- gradient forces air to cross a mountain range

roiln utivsii-al facts t oniiccted %wth Itre clement and to dlescendl on the lee side. The foehn is often
;irc( first revii'%vde; foillowing this. suggestions marked bY gustiness and may on occasions attain
are ,'ffi'tu'u for its. predictiron. Where ob)ect ive gale or hitrricane intensity.
forv ;e-is! aid s aire knowii andi avivlatle to the
wri tt .' :lthet' ire dlesc ribedi in cornsiderable d~e- Itt aervas where a mountain range or high
till Iriler lie apprprii~~ate heading.,. plateau borders a coast. it is possible during the
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cold season for the foehn air to arrive at the the extreme cases are characterized by abnor-
coast with temperatures lower than those pre- mal warmth at moat arctic stations strongly sup -
viously existing despite the adiabatic warming. ports this view. Moreover, at some sites where
A foehn of this type is often called a bora, de- unusual winds are noted there is not sufficient
riving its name from a violent wind that occa- relief to cause a significant katabatic effect.
sionally strikes the Dalmatian coast in winter.
The gusty character of the bora is sometimes To give some ides of the variety of condi-
cited as proof that the wind has a strong kata- lions under which strong winds occur, we shall
batic component, but the true or warmi foehan review the typical circumstances at a number of
often displays this same feature so that it is specific locations.
probably more correct to regard the born-type
wind as merely a cold foehn rather than as a (a) Narsarssuak, Greenland
katabatic wind' reinforced by the pressure gra-
dient. This station lies at the head of aI fjord on the

south coast of Greenland. Strong winds occur
In addition to the foehn-type winds in which with low pressure to the south or southwest of

air is directed downslope by the large-scale the station and high pressure to the north or
pressure gradient, there are pronounced local northeast. The wind blows toward low pressure.
wind effects of the mechanical type in which the descending from the icecap which rises to an
air flow is essentially horizontal. These effects elevation of 8,000 feet a short distance inland
are noted in the vicinity of certain topographic from the station. The wind speed is roughly
features such as mountain passes, water chan- proportional to the pressure gradient along the
aels, and coastal bluffs and are referred to by a southeast coast and occasionally exceed, 100
variety of terms -- venturi, jet, funneling. chan- knots. [he wind ib warmi and dry anrd obviously
neling, and barrier effects, to mention a few. belongs in the foehin catagory.

5.1.2 Strong Surface Winds (b) [hule. Greenland

By strong winds we .hall mean sustained The station is located in a valley on the west
winds of 30 knots or more. This definition is roast of Greenland with the main bodycof the ice -
admittedly arbitrary, but confot-ma fairly closely rall lying to the east. To the southeast aI tonigue
to tilie , i-itecr ioni set up by othicr wvriter a oil the of ice about 2,500 feet in elevation prtot rudesa
subtj'c t. out warid from the, i e cesi. The st rong Winos,

almost wit hoot cxc eption, blow fromn thre south -

Winld stiadies ;it ai large rliioilo-i- of ircli east'iet' lY quadra~int sanl are 55l(it-with cdli -

:,ites reveal that high surface Wind~s are invao-i - lively war-ni tem'rletatltt-S. These are due Iin

ahi ,v assiiciated Withi wt'll-developeit pressure part- to -turbulent inixing, Iin par't to adiitishit c
graditents. Ve'ry oft en the ohs er ved speeds ranl descent froim t he i c ('in'O, andl inl part to the itdi-

hli' accounted for entirely by the pressure gin- vection of air- which is (if more sriuttierlyar'igin.
dit tnt, wh-lie ;it uthleri t i mts a Inc al enhance mernt A strtong pri-cssuire griadiecut betw-e en Thutle and
'u-i nrs which must lit attrihiuted to saint effect Uprer-navik, 300 miles to the' soritliast, is a major

of the local topiography. This topo)(grapicaiill Ili- failor in the occurrence of the .. 'Tliule Wind.''
fluenie 1s e'viidnediit try the at cong teinienicy foir trom ther descripitiron, it alilear i- lhrit fiLid aw-itd
high winds to hirw ft-am a prerfe'rreid dir-ectionil it sat least part-ly foeha in character-.
ininv 'ayiti's. Thius,t i' oam-slate the general rule
Isat stirong windts tend to occur- when Ilvi jut-is- (c) Alert, ElUlesmraie Islanid

srire g-adctln IS rCi-tilIVt i'lv jrrIroanced Z-ni- (r'i-i
enti'i Iil a pre-feri-ed diret-tion w~ith t-esja-r to ithe stat urn is located at the northirast tip tof

the locral tiijirgr-ajiii. l-llesrneir' Island i-lose to Rtobeson Channel.

awhei ch dividiesa thIis islanud frorm Gr-een land. 'Iwo

Beicauise of the' generaltv weak nature orf tile monrirtain systems with pecrmanenit snow and k~e

ptiri-i kataiatli- wind, that is, the coldl downstope fields lie well to Itie West and southwest oif the
wi)nd that forrms dur-ing teriodts ci fiat pressure atathirn. The valley between these systems- is
gi-silient. the extreme uases of local enhancement oitrintud noteH-ntaesprleigIobe--

u-atinrit lhe aSri-i bu'd ti t her mat feftcit abuiit must,- son C hannel I, andl is general115 belIow- 3,000 feett
Instead, Ire ixptiriieut dvnaini-als'-.1. Thle fact that in elevaition. 'rhc-struing winu~ls how mostl 'y tririn

the( southwest at trimes a-len the pressure gn

-- ~~~ .- . d. - - - - --- ierii is atriong sail is oriented in such aI ae.ry , Y a
S' -- to forre t1re air to flioa Iin this dir-ectiuin, rh~-a
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winds are relatively warm. A foehn effect is warming is due mostly to the destruction of the
suggested, but the humidity is sometimes quite surface inversion by turbulent mixing, and the
high both at the surface and aloft so that chan- high velocities are attributed to a funnelling
neling and barrier effects must also be of im.- effect.
portance.

5.1.3 Two Examples of Strong Wind Occur-
(d) Barter Island rences

This small, flat island located immediately The first case whichwe shall use for illus-
off the north coast of Alaska is occasionally tration is a particularly dramatic one that took
visited by strong and persistent winds which place at Alert. Ellesmere Island, on 4 February
blow parallel to the coast, either in an easterly 1953. However, it is by no means an isolated
or westerly direction. It has been convincingly case and displays many features in common with
demonstrated [I I that the abnormal wind speeds high-wind occurreites at other arctic sites.
are caused by a funnelling of the air around a
knob-like protrusion of the Brooks Range, located Table 5.1 lists the successive 3-hourly sur-
50 miles to the south of the station, face observations surroundingthe time of occur-

rence, and graphs of temperature, pressure,
(el Juneau, Alaska and wind speed appear in figure 5.1. From fig-

ure 5.1 one notes a steady, rapid drop in pres-
,Juneau is located on the southeastern coast sure and a gradual rise in temperature preced-

of Alaska on a narrow shelf that rises abruptly ing the onset of the highwinds. Following a long
to an iceplateau of roughly 5,000 ieet elevation, period of calm, the wind blows lightly at first,
The strong winds that occur there are known as then rises abruptly to hurricane strength. Be-
Takus, since they are popularly associated with cause of the 3-hourly interval, the exact rate
thenearbyTakuGlacier. These winds, however, of increase in not known but similar jumps are
are of the bora type, being always associated known to have occurred in periods of an hour or
with a largepressure gradient either inconjunc- less.
lion with a deep low offshore or, in the more
spectacular instances, with a powerful high over With the onset of the gale winds the tern-
the inland plateau. The cold temperatures as- peratureshows anabrupt increase, and thepres-
sociated with the wind are due to the outflow of sure levels and begins to rise, at first slowly
very cold air from the interior. In cases where then more rapidly. A rapid decline in wind
the inland tempieratores are less extreme, the strength accompanies tire sharp pressure rise
adiabatic warning may be sufficient to produce and, except for occasional fitful increases, the
a local warming and thus place tihe Taku in the big blow is over. The temperature remains
foehn rather than the born category, relatively warmn for many hours following the

occurrencee then returns nearly to its earlier
Mf) Big, Della, Alaska level.

Altho ugh strong arctic winds are' cbIrnc- Fro-m table 5.1 it is seen Ihat only scattered
trieestiralvY associated with coastal localities, highclouds were present iramediatelypreceding
they m1ay or-.ur at inland stations as welll, pro- the strong winds and that skies were completely
vide(l that the proper terrain features and mete- clear following. At tite time of occurrence the
orological(confritions exist. Big Delta-- located sky wasohscured and the visibility was reduced
near tihe rurth of a long valley, oriented approx- to zero by blowing snow.
nintcNtly werst-northwi'si to ea.t-southeast with
mount ainsr on either side--is an example of an The synoptic pat tern accompanying the
inlarir site that exp-erictres occasional oiutbursts strong wind situation is depicted In figures 5.ý.
of strong and gstY, winds. The winds blow most 5.3, and 5.-4. A dcepening lo.wpasses to tile west
cinionly from thte east-southleast (along the of the station, makinu its closest appr-nai-h ;ii
-,xsf the. vallev) and lessL frequently froru south approximately the time of greatest wind strength.
to soirtliest. T'hley are rnvariabiv associated Aloft the flow is from the south anst quitestrong.
wilth a large pressure gradient in the direction The observed peak surface wind is in excess of
tf the valleY and %%it1h relativel v warm tempera- boith the wind at 700 mb. and the gradient windt
hires. lii4' ,Warming is most pronrouncedl with a but the latter is abnormally strong for the area
-,itrherl"y wirrd fro-m the mnountains in whi-lh (-cise anol in roughly the same direction as the observed
the %%Il oav, he -- nssifivdl as aoche. In the wind. The usual association between strong wind

:iloi ,,'.iari,-ii.n :- -- f i i-v'lle•- flow. the anal pressure gradient is evident.
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TABLE 5.1

Tnree -Hourly Synoptic Observations for Alert, Ellesmere Island, February 4, 5. and 6, 1953 [9].

C).I 5.' V
41)

a). 41 4-- ý
0c & 4- ' ý
U• U) T

4 0330 0 1020.2 -35 -41 C UNL 13 02

4 0630 10 1018.7 -35 -41 C 090 10 03

4 0930 10 1012.6 -31 -37 C. 080 13 02

4 1230 4 1008.3 -26 -32 C UNL 10 76

4 1530 0 1004.0 -27 -32 C UNL 13 02

4 1830 3 998.9 -22 -27 NE 2 UNL 13 02

4 2130 10 997.1 9 3 SW 7/) 006 0 39

5 0030 10 997.6 10 5 SW 60 006 0 39
5 0330 0 1004.6 12 8 S 8 UNL 13 02

5 0630 0 1005.6 12 9 IWSW 20 UNL 10 36

5 0930 0 1008.0 13 11 S 4 UNL 13 02

5 1230 0 1010.4 5 -1 SSW 6 UNL 13 02

5 1530 6 1012.9 5 1 NW 12 080 13 03

5 1830 4 1014.2 4 -1 SW 10 UNL 13 02

5 2130 0 1015.2 5 0 N 7 UNL 1 13 02
6 0030 0 1016.7 5 -1 S 2 UNL 13 02
6 0330 0 1016.8 1 -4 SW 8 UNL 13 02

6 0630 0 1016.9 -14 -19 NE 6 UNL 13 02

Fortunately, the high winds occurred he- laye rs rule out the possib ility of a significant

1w vee suticc essiv e I 2-h trlr ly radio.sonde ohserva - fooehn influence and suggest instead the inlpor-

tions so that a record of metcorological condi- taowe of a funneling effect.

tions aloft both before and after the time of

occur'rence is also available. The soundings in The coincidence oif the high winds with the

figut, 5.5 show the characteristic surface inver- start of the surface pressure rise and the upper

sion preceding the occurrence, in this case es- level cooling is not an uncommon feature of such

pectally . harpchcause of the influx of unusually situationsand may be explainedas follows. Prior

warot air aloft. Following the high winds, the to the outbreak of the winds at the surface, there

inversion is greatly weakened due to a combina- is much evidence that they are generally present

tion .f coolingaloft and warming at the surface, in thelayers immediately ahove. Aircraft taking

I mrom the surface lrebzurc trare it tl ayv be sur- off or lanldinig at lhiis time often report extreme

mised that the upper cooling began at about the turbulence in the lower 2,000 to 4.000 feet, and

time of the onset of the highvwinds. This cooling sometimes snow from nearby hills is noted blow-

could he associated with an occlusion that ap- ing overhead at high speeds despite the calm or

peared on earlier maps (not shown), but it is light winds at the surface. In tile case chosen

possible that the line of advance of the colder here for illustration, the preceding rise in wind

air %as frontogenetical and therefore that it did is suggested by the slow upward trend in surface

not have logical continuity with the earlier front, temperature which in considerable part is proba-

Helatvcely high rnoisturc values in the lower liiy due to an enhanced turbulent flux of heat
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05~

A U1

t. '~~~ W hil IVwarmi ad yesti on c ontine 1015 loft , t he
- "%~J invyer sio ilV 'tiiIins Strosng flhl( eff ct ivel y sealIs

A#f th Song w inds, buit wVith the (onset of the cool -

I ing the lapsc rate dijminisheus and( the winds brea8k

xthrough to, the surefa ce. often qli IC violently. D c -

spite thC ove'r-all cooling, tihe surlfaI C ci tepertureitl

rse sha rply WV 1U s of thet downiwardinxg of

potenut ially warmer a ir. T he preced inlg sequence0(1

of events muost not he suppios ed to bel thte onlIy onet

possible. On occafsionts the winds break thi roug

4 to the l~rfac'' efore tile uppe1Wr cooling,. and wd

other time., the 11 rme'c -s o v '
IN hours before the wind-,S strike.

The1, li,-k oif a ulnique relatilonshlip hc-twVei
N the onset ,tf the winds anli the upuelrcooting ,ug-

gests that the foregoing explanation may lie in-

~ ,~l ~ ~'adequate and that other views on the subject are

.0' to he encouraged. In hilily and mountainous re-
gions it might prove advantageous to regard the
high winds as a form of lee wave. Tile problemn

would then he treated in much the same manner

:,A Sti f., Ch-0 f- I" T.. 1- 0 as orographic turbulence, a subject which will he
discuss5ed in a iater section.
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The second case in illustration occurred at the Brooks Range at a critical angle. Unlike the
Barter Island, Alaska, on January 4 and 5, 1957. previous case the temperature declined even
Tthe wind, temperature, and pressure records duringthe period ofmaximumwinds, the cooling
for this case are shown in figure 5.6, and the by advection evidently outweighing the warming
surface synoptic charts shortly after commence- by turbulent mixing.
ment of the strong winds and at the time of peak
velocities are presented in figures 5.7 and 5.8. The occurrence of abnormally strong winds

at Barter Island has been successfully explain-
This situation occurred in conjunction with ed by Dickey [I ] as a consequence of a funneling

the passage of a deepening low pressure system of the air currents about a prominence in the
and its associated cold front along the northern Brooks Range to the south. This funneling is
coast of Alaska. Prior to thepassage of the cold most pronounced when the surface winds are
front winds were light, easterly. Winds shifted parallel to the coast, in either direction, and
to westerly be3hlnd the cold front and at first re- causes the surface wind to be about 50 percent
mained light. After several hours had elapsed, greater than the geostrophic wind and 60 to 70
the wind speed increased rapidly, in part be- percent greater than the undisturbed surface
cause of destabilization of the lapse rate by cool- wind upstream. By treating the Brooks Range
ing aloft and in part because of an increase in in the vicinity of the station as a cylindrical ob-
pressure gradient which forced the air to strike stacle to the flow, Dickey has been able to re-

- 1P

50 1020 I0

1030 .~°-ru.ou"

40 1010 0

30 1000 -20

SWind
20 990 -0 - Temperature

101 98010-

12 00Z 1 00 ' 001

3 Id --- 4 th -- - - -Mt- --- --- l5t 6th• Jo 'o " ?

Figure 5.6. Time 'raspts of Hourly Observations of Wind, Temperature, arnl Pressure at Barter Island During
a Per.od of %trong Westerly Winds.



82

+

1008

1020 1016

1012
f024

"&. I (Z
1028

fOM

140*

1012 
024

1008

1004

BARTER ISLAND

30

10 4

1020

1006

102

11016 1020 
tic

S,;rfar, Charl fýr 4 jawmrý



- 83 -

o 1000-

1 1008 
1004 

0

1016 1012

1024

1024,

Fgrer " ,,8 . 3 t~rf~e Ch•art• for AGO C ,MT..o 4 Janunrv I•7

100 D



- 84 -

produce observed features of the wind distri- serve as a danger signal.
bution through application of classical hydro-

dynamic theory. Moreover, the accompanying Perhaps the most sophisticated methods of
observed disturbances of the pressure field have handling the problem of strong wind forecasting
also been reproduced by the theoretical model, have been developed by forecasters at Thule,

Greenland. We conclude this section with a brief
The form of the appropriate equations is review of these techniques.

such that they tray also be solved by means of
electrical analogues. An electric current is The first step in the forecast involves a
passed through impregnated paper from which classification of the pressure pattern. If the
the shape of the obstacle has been cut. A volt- situation falls within one of four specified types,
meter is then used to determine the voltage at then it is a potentially dangerous one in regard
different points on the paper. lAnes of equal to high winds, and further steps must be taken.
voltage are drawn, and lines orthogonal to these The exact nature of these steps differs according
are sketched by eye. The latter represent the to which of the four types is present. We shall
streamlines of flow, and from these the direction consider only the additional measures taken
and relative magnitude of the current (electric with what is termed Type I -- a low, attended by
or fluid) can be found. Miyake [6] has shown that a cold front, which enters Davis Strait from the
this method accurately predicts the wind dis- south through west and movesnorthward toward
tribution in the vicinity of Barter Island at times Thule.
of strong winds. It is possible that this method
would also explain strongwinds, falsely labelled The second step is to determine whether or
as katabatic, at other arctic sites. not the low will pass Thule. This is done by con-

sidering a combination of 700-mb. height differ-
5.1.4 Forecasting of Strong Winds ences in the vicinity of Baffin Bay. If a certain

critical number is exceeded, the low is forecast
Because of the local nature of these winds, to pass the station. Of the lows which pass the

it is not possible to set down general forecast station only those which pass to the west bring
rules that will apply at all stations. However, strong winds. To judge which side the low will
as has been stressed repeatedly, a well devel- pass on, the 1000-to 500-mb. thermal wind is
oped pressure gradient appears to be the com- used as a predictor.
mon denominator in strong wind situations, and
it is usually possible to find a pressure differ- The 700-nib. height-difference index men-
ence between two stations in the area that will tioned previously has been found to be well cor-
serve as a criterionfor forecastingboth the on- related with the speed of the low, and a scatter
set of the winds and the probable peak velocity diagram has been prepared which gives the speed
or peak gust. The problem therefore, reduces corresponding to a given value of the Index. This
tooneof forecasttinga specific pressure gradient diagram aids in the prediction of the onset of the
in the vicinity of the station in question, winds; moreover, it provides a means of pre-

dicting the peak gusts since these are found to
Frequently the pressure prognostication is average 100 percent greater than the average

handled simply by noting characteristic pressure velocity of the low center from 65° N. to Thule.
patterns that are known to be associated with the
outbreak of high winds. Strictly speaking, such After the cold front passes Upernavik, the
a procedure does not entail a prognostication but wind forecast is modified by means of a further
involves a simultaneous relationship. However, scatter diagram relating the peak gusts to the
at many stations there is often sufficient delay maximum sea level pressure difference between
between the establishment of the pressure gra- Upernavik and Thule.
dient and the onset 3f the winds to derive some
usefulness from this approach. From the physical standpoint the foregoing

procedures are not satisfying, since it appears
Short-range forecasts may also be based that the predictors have been selected more on

on various local indications. Lenticular clouds the basis of empiricism than physical under-
often foreshadow strong wind occurrences at standing. However, until the origin of the strong
localities subject to the foehn-type wind. Blow- winds is better understood, the empirical ap-
ing snow on nearby ridges warn of the possible proach !F the onlv one available, and the tech-
presence of a fast moving current a short dis- niques used at Thule may prove to be valuable
tance above the ground. Pilot reports of severe guides in setting up similar schemes at other
turbulence in the near-ground layers likewise stations affected by such winds.
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5,1.5 Further Remarks on Wind Forecasting mer maybring large, sudden drops of tempera-

ture in their wakes qt coastal and inland stations.
Our remarks so far have pertained only to In winter invasions of warm air from the Atlantic

the forecasting of abnormal winds connected with may, in extreme instances, raise temperatures
terrain influences. The more general problem by as much as 40' to 50' F. in the vicinity of the
of forecasting upper-level winds and surface pole. Whentheflowofwarmairceases and skies
winds without pronounced topographical compo- clear, equally drastic falls in temperature may
nents will be considered only briefly, since this ensue. Only over the Arctic Ocean in summer,
problem is handled much the same in the Arctic when the melting of the pack ice holds tempera-
as in middle latitudes. lures close to the freezing point, is there an

absence of significant temperature fluctuation;
The current and prognostic surface and and eventhen, as noted previously, it is only the

upper-level charts are the nmain tools used in layers immediately adjacent to the surface that
the routine wind forecasts. At upper levels the are so affected.
velocity can usually be estimated with sufficient
accuracy by use of the geostrophic wind scale. 5.2.1 General Remarks on Temperature Pre-
At the surface, it is often necessary to allow for diction
the effect of the curvature of the isobars in de-
termining the gradient wind. Moreover, the re- The change of temperature that is observed
duction in speed due to friction and the angular at a given spot may be regarded as the sum of
deviation between actual and gradient winds must two effects: (a) the transport of air of different
be considered, temperature to the spot and (b) the warming or

cooling of the air en route. The first process is
In practice these factors are often taken ac - usually referred to as temperature advection and

count of simplyby extrapolation of current con- canbe evaluated simply by displacingairparcels
ditions. If this is not feasible, a gradient wind with the wind and noting the differences between
scale can be applied to the prognostic chart and the initial and the later temperatures at the end
the resulting wind modified to allow for friction, points ofthe trajectories. An accurate wind fore-

cast is obviously a prime requisite for a correct
The frictional influence varies with locality prediction of the advective change.

and season. For wind speeds greater than 4 knots
the surface wind speed in winter is about 30 to The heating and cooling processes may be
60 percent of the gradient speed, and the angle conveniently divided into two categories, those
se!iaratingthe two winds averagesapproximately due to adiabatic compression and expansion and
310' to 35'. In summer the corresponding figures those due to nonadiabatic or diabatieprocesses;
are 60 to 70 percent and 20' to 25'. that is, processes involving actual transfer of

heat. Near the surface adiabatic heating is usual-
The seasonal differences arc a reflection ly negligible since it depends mainly on the ver-

of the fact that the frictional effect depends on tical component of motion, which is zero over
the static stability, and therefore, this effect level ground. In the free atmosphere and over
may be expected to be related to the synontir sloping teriain. adiatiiic effects may become a
pattern as well. For winds lighter than 4 knots, major factor in temperature change. The fouhan
local effects become important and obscure the winds of the Greenlandcoast furnishan outstand-
geostrophic control. ing example of the extreme warming that may be

brought about by adiabatic compression. (Strictly
5.2 ["qipen.ature speaking, at the coast itself the warming is the

result of advection ofthefoehn air, but the basic
Our concern here is with the short-term. cause of the temperature rise is clearlythe adi-

nonperiodic changes of temperature which are ahatic compression that occurs along the slopes.)
often of importance in forecasting, either he-
cause of tie dlirect effect of temperature on varn- There are a number of nonadiabatic proc-
ous operations and activities, or because of the esses which exert an important influence on the
ctmnection of temperature with other elements temperatur., among them short- and long-wave
of the forecast such as fog and icing. Though radiation, eddy and molecular heat conduction,
large, rapid fluctuaticns of telmperature are not evaporation and condensation, .and melting and
a dominant featurc of the thermal regime of tile freezing. As a rule, several of these processes
Arctic, nevertheless, they dooccur on occasions act simultaneously. some processes predomi-
at most seasons and localities. Cold fronts mov- nating under one set of conditions and other
ing along the sh,,res of the Arctic Ocean in suin- processes under a different set. Although for
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the sake of convenience the processes will be from the earth's surface, sothat, asa rule, there

discussed separately, it must be borne in mind is a net loss of long-wave radiation from the

that they rarely are independent of one another, surface. This loss results in a cooling of the
surface (at night) and, through heat conduction

The direct absorption of short-wave or solar and radiative exchange, of the adjacent air strata.
radiation by the atmosphere is exceedingly small.

leading to heating rates of the order of only a So far in the discussion no mention has been
fraction of a degree per day. As a consequence, made of the effects of cloudiness. Clouds of suf-
any significant temperature rise connected with ficient depth behave as black bodies which emit,
insolation must be attributed to indirect process- both upward and downward, the black -body radi-
es which transfer heat from the earth's surface ation appropriate to their temperature. In the
to the atmosphere, case of a cloud imbedded in an inversion layer,

the downward radiation from the relatively warm
The conditions that prevail over the Arctic cloud will exceed the upward radiation from the

are such that in most circumstances even the cold ground, and the earth's surface will warm.
indirect heating effects are slight. Foremost Many of the largest nonperiodic temperature
among those conditions is the high reflectivity changes in the Arctic are connectedwith changes
or albedo of snow and ice surfaces, 50 percent in cloud amount. As examples of the effect of
to 80 percent of the incident radiation being re- cloudiness on temperature duringthe polar night,
flected from these surfaces without ever enter- we present the sequences of 3-hourly observa-
ing into the heat budget. During the warm season tions in tables 5.2 and 5.3. The characteristic
when insolationis greatest, the melting of the warming with increased cloud cover and cooling
snow and ice reduces or prevents warming of with clearing skies may he noted. The majority
the air over a substantial portion of the Arctic. of cases of large temperature fluctuaion are as-
On the other hand, over continental portions of sociated with changes of wind speed as well, so
the Arctic, the snow cover disappears entirely that only occasionally can the effects of cloudi-
in summer, and it is then possible for pronounced ness be so clearly isolated.

insolational warming tv occur, especially in air
masses that migrate southward from the pack Molecular heat conduction does not directly
ice. affect the temperature at the level of the instru-

inent shelterbut is important in heat transfer at
The absorption and emission of long-wawi. the earth-atnmosphere intcrfacc and in the layers

radiation by the atmosphere is greater than the immediately below the surface. It thus pinays a
absorption of short-wave radiation, thus making
it possihle to produce temperature changes of TA It.E 5,2

the order of 20 to 30 P. per day or even greater. 'T'hree-vIto urly' Synopti , (b', rvations for E ureka, Ell,.ea-
However, as in ti vaof olar rndiation, lar-ge lere Isilan d, NovemIblclr I and 2, 1.950, Showing Warning

io eoonnegctioi with Increased (lod C. wc f
raplcid tneiem rature changes connected with long-

wave radiation aetually involve a complex of -
proccsses in which the earth's surface plays an I
imaportanit role.

The surface (whether covered by snow, ice, 0 -
water, vegetation, or earth and rock) maybhe con- J U
idered a llack thody with respect to long-wave 2 " - iH

radiation; that is, a hiodywhich radiates tile maxi- I -l
mum possible amount of energy at these wave 1 0230 1 0 -27 I.; 2
lengths. I.'rom Stefan's law, thisamount is known 1 10530 3 -27 7

to be proportionalto the fourth power ofthe tem- 1 0830 2 -24 5

peratore. The atmosphere, on the other hand, 1 1130 11 -21 e 7
athriot. and emits sclectively, acting as a black 1 1430. 8 18 n 5

body at certain wave lengths and being effer- 1 1730 10 --15 1 4

lively transparent at others. The principal ab- 1 2030 8 14 E

sorting gases are water vapor and carbon di- 1 2330 10 -9 1 1

(id. 2 0230 8 -8 C
ox . 2 0530 10 -5 (C

2 0830 10 -2 C
ri-' normal teifCe ratucc (and loisi ture st rat - 2 t 130 10 -3 E 5

ifications the doon-roming long-wave radiation 2 1430 8 1 ESF. 4

fronm the atmosphere is less than the emission ___
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Evaporation, condensation, melving, and
TABLE 5.3freigpoeesmyasrhetrmte

Three-Hourly Synoptic Obser-ations for Eutreka, Elles- freig roeesmybohhetrmte
mere Island, December 20 and 21, 1949, Showing Cool- air or release heat to it. As a rule they are not
ing in Connection with Decreased Cloud Cover [ 9). important factors in short-term temperature

changes. A notable exception to this statement
~ occurs in summer when warm air masses from

r the continents are cooled over the melting pack
L. ~ . ice of the Arctic Ocean.

SOur remarks ao far have applied to surface
E ~ .. HF-~ temperature changes. Aloft, advection and adi-

t abatic heating or cooling (in association with
20 1130 10 I-16 E 4 vertical motions) are the major factors in pro-

20 1430 I8 1-16 SE I12 rooting rapid temperature change, and only rarely
20 11730 8 -17 E 15 will the other processes be of significant size.

20 2330 8 -17 E 7 The adiabatic heating and cooling generally oper -
20 230 1 1 ate so as to counteract, in part, the advective
21 0230 6 -18 F 5 temperature change. This is one reason why the
21 I0530 8 -19 E 2
21 0830 0 -20 E 4 local temperature change at uipper levels is char -
21 1130 0 --28 E 5 acleristically less than is indicated by the ad-

21 140 E 4 vection.

21 1730) 0 -33 SE 4
21 2030 0 - ~ ~ 2 5.2.2 Forecasting Minimiur Temperature

21 0 J -6 C ______It is apparent fromn the foregoing discussion

that the temperature change process is so con)-
plexithat a general attack on thieprobt)Iim of tern -

majo r iole in determnining the temiiertarc ii-of tile perature predict ion, either from a physical or
sil i;fiVc itsci f ý,il Ott cthereb indiriectly influences statistical standpoint, cannot be attemptedrat this
the c Ierloperat u i of the( overly ing st ratst. Snow t i nc. Hloweve r, it is solneti tles possible1 to de'-
is a vet- ,11 %. poo ucnduc tor of heat,* and it is this vise a simplified app roach toi a pariti cul ar nispel-t
propcrI y wiic h is in jiari- ieapons i le for the de - of tilhe pirobl Iem and still ach ieve useful result s.

vet upni ct of thec extremne t emp oa ieratue of illhr An aipproa ch (of this limited t ype has been madc
arcin c winter. to thle piruble to or M icti no m1 t ciape nturi- fore -

casting at Fairbanks, Alaska.
Away froml thle cartih's surface, turhit] cot

eddieiis a ic far morec effective than imolc-uljar Thle nurii mi (f paraenmetects enteri-itg into the
011)1 ions. in vet-i-cally trtansportiing hlat, Fxcetit poleubcm fire i-estrictedl first of itl Itly assumling
fo- tie comnpariat ive-ly fewi iin atanie, in which-t that ill i- xtrni-c icainsea of interest orccur onIly

th-erimal cionveiction is pre-sentl, illi' eddlymo iuotios iinubtj--oi iilt ionisof Iiglitt winids andri-lent or- nea1r -

res'ult fi-it the, ri-hiihmg of thle wind againstil lytlea skie. Conse qu ent ly, the prei-cdltiott diit -

grioundli anid obsta Icles tierefori-c tile degreq of gram is ba sedt on dat mi gatheroel uniter certa in
v, Wil i iig idelpeinius on sill-faice roughin ess, wind mu rltcs-ribed cond it ions a nil can he apliei td only
stiriigthi aind I ti'bouviali retsisiance of tile nii- when thes;e conditiuns ire met.
ito veritical displiaiemen't. Thle ciily heat ,onl-
iliitiiii dviwinis onl tlei produciit of thest- factors, 1t is fiirthei- mssuniaei that unider these u-tin-

Aý e-lre'ssi1 bya i- oefficient of eidd- ionduciictn, dititons thi theirmal equilibriuin that exists; at
sail tim vecivml gradlienit of toti-ntiat tmicm-a-.- tim iii o minimumi tempt'rature involves it balanoce
a-rc, betwecn the incomning andI outg~obig long-wave

radiation, all other hieat exchange processes be-
il it sialile ;oiocsph-Ier the c-dcv heat liann- ing negligible~, I-rom ihis it follows that tile min-

hcr is douwnward, aictiomntirmg for- the often mieii- imriim tcmemloatiire is a function of the incoming
liioneci teondentc v'-Nf su-rfarce temiperatiures to rise radiation, onl -Y. The latter quantity depends in a
:is Ito'- wind st!renlgthens. The- si-faiev temipera- complicated manner on the temperature andt
tilre ruse- ilupicitit in figureo. I if Itic' se'tion On ioisiure ronditions in the atmosphere, but test -

strioig w~inds is no dooth; (lite. at least inl psi-i -ing revcaled that ithe warmnest iemperature in thc-

t,' tile ,c~ld flux oif lical doiinwari-. As tie willd freealmospherc prov,.ided a an' sfaeltuy mevasure
dies doiuin the vidul' cointliitiiii dhiminishes aoid (f thle douwnwarid radiative flux. Thus, the value
become's negigiiibli when tite a ad is ratin, of this tecitiersiimre: 1i700 local limc-was chosen
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as one predictor for the diagram. The 1830 local radiation may increase the relative humidity of
surface temperature was selected as a second moist air, thereby hastening condensation, or
predictor. may thicken clouds once they have formed, but

as a rule they will not be critical factors in cloud
The object forecast diagram prepared from formation. Next to the ground these processes

these predictors is shown in figure 5.9. The rnn- are of primary importance in initiating conden-
imun temperature decreases with decreasing sation; but here the result is fog, not cloud.
initial temperature and decreasing maximum
free air temperature. The departure of Individ- It is convenient to consider the various cloud
ual values from the smoothed analysis are rather types and patterns in relation to the scale or type
small, and preliminary application to Independ- of moticn involved in their formation. In the dis-
ent data has given encouraging results, cussion which follows we shall distinguish five

categories: (a) large-scale upglide, Mb) convec-
In using a simple aid of the foregoing type tive updraft, (c) turbulent mixing, (d) a combi-

one is always faced with the difficulty of decid- nation of convection and mixing, and (e) oro-
ing whether the meteorological conditions under graphic uplift.
which it may be applied will persist throughout
the forecast period. Despite this shortcoming, The large-scale upglide motions occur most
the diagram calls attention to factors that might commonly on the forward side of the baroclinic
otherwise pass unnoticed, and insures that the or wave disturbances, the familiar cyclonic
prediction of the quantity in question Is consist- storms of middle latitudes. The vertical motions
ent with the overall forecast. These advantages are of the order of 1 to 10 centimeters per sec-
are sufficient to justify the labor Involved in the ond, and the adiabatic cooling of the rising air
preparntion of such a diagram, masses causes cloud to condense in the classical

sequence of cirrus and cirrostratus, lowering to
5.3 Clouds and Ceiling altostratus and altocumulus, and then to rnimbo-

stratus. The arctic disturbances described in
5.3.1 Physical Processes in Cloud Formation section 3.1 ofchapter 3 appear tohave this char-

acteristic cloud distribution, though there is evi-
We shall not concern ourselves here with dence that the different cloud types often lie in

the microscopic aspects of cloud formation-- discrete overlapping strata rather in a single.
condensation and sublimation nuclei and the like sloping layer.
-- but will assume that, in general, cloud will
form when the air becomes saturated with re- Convective updrafts occur on the scale of
spect to water. At temperaturesbelow freezing cumulus cloud or thunderstorm cells and are
the saturation vapor pressure over supercooled about one hundred times greater in magnitude
water droplets is greater than over ice, so that than the gentle upglide motions discussed pre-
supersaturation with respect to ice is not ,rncom- viously. Generally speaking, convection is poor-
anon. At very cold temperatures (-40° F. and ly developed in the Arctic, so that cumuliform
less) water will generallypass directly from the clouds are uncommon--except in summer over
vapor to sulid phiase. heated land masses and in winter over open

bodies of water. Occasionally convection can
In order to saturateair, either the airtem- develop aloft, presumably as the result of the

perature must be lowered to the dew point by release of convective instability in lifted air
some cooling process, orthewater vapor content masses. On such rare occasions it is not im-
roust be increased by the addition of moisture, possible for the convective activity to occur over
In the case of the cooling process, further tem- the arctic seas. In one instance, the Ptarmigan
peratirre decrease will lead to slight supersatu- Weather Reconnaissance Flight encounteredr a
ration, and cloud droplets will condense. The thunderstorm over the Beaufort Sea at a position
evaporation process, however, cannot raise thu nearly 300 miles north of the Alaskan coast.
the relative huItmidity above 100 percent so that This cascoccurredinJulyin n current of warm,
although it amy cortribute to cloud formnation, it moist air of Siberian origin.
cannot In itself produce cloud.

Under stable conditions vertical ,mixitig
Of the severai cooling processes rrlentrne, leads to a downward transport of heat, and there-

in the sectiao on temperature change, only two by to coolingaloft and also condensation, provid-
are of importance in the actual generation of ed that the moisture content of the mixed layer
cloud: adiabatic (colrng and cooling due to ver- is suffici(ntly high. The cloud formed in this
ticalmixing. Other processes such as long-wave way is the dull. shapeless stratus which is the
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characteristic cloud-form of the Arctic Basin in as Volume II of Petterssen [81.
summer and early autumn. The ultimate cause of

the stratus is the advection of warm, moist air 5.3.3 Forecasting of Clouds and Ceiling
frum continental portions of the Arctic. The
wind speed largely determines whether the stra- It would be nice if the foregoing physical

tus will be elevated, and hence a true stratus, principles could be used in predicting cloud dis-
or whetherit will stay closetothe surface as fog. tribution and height, but to applythem it is nec-

essary to know the moisture distribution, the
Over the Arctic Ocean the stratus is at a field of vertical motion, and the degree of mixing.

maximum in late August and September. At Of these factors only the moisture is known with
coastal locations a double maximum occurs, one any precision at the begirmnir of the forecast
in May and a second in October. In the interven- period and none are accurately known at the end,

ing months the frequency diminishes slightly be- though a promising start on vertical velocity
cause of the solar heating, prediction has recently been made by the Joint

Numerical Weather Prediction Unit. Conse-
When a shallow convection exists in con- quently, in forecasting cloud type and ceiling,

junction with the mixing, the cloud layer assumes it usually is necessary for the forecaster to fall
the sharper and more rounded outline of the back on his two old standbys--extrapolation and
stratocumulus cloud. This cloud occurs much statistical methods.
less frequently than the pure stratus.

Extrapolation usually involves displacing the
When air is forced to rise over a hill or cloud patterns with the pressure system, making

mountain, orographic clouds may develop as a allowances for deepening and fillingand for local

result of the adiabatic cooling. Under certain effects. Statistical methods range all the way
conditions the orographic lifting gives rise to from empirical rules, handed down by experi-

very distinctive cloud forms, as will be discus- cnced forecasters, to prediction diagrams in
sed in the section on turbulence. Lifting and which past data are analyzed either graphically
heating by mountain slopes has a considerable or statistically to obtain relationships bctween

influence on1 the summertime cumulus activity selected variables.
in certain areas, the shower-bearing clouds

appear to form mainly over high ground. Where observations are scarce, the fore-
caster often resorts to models of cloud distri-

5.3.
2 

(Ciling butionin fillinginthecloud cover. The 1ljerknes
or Norwegian cyclone model is the best known

For aviation purposes the cloud hose or ceil- of these models and probably provides a useful
ing is usually thle most important part of the cloud estimate of the cloud distribution in arctic sys-
forecast. In theory, it is a relatively simple terns that possess distinct fronts of apprec'iable

matter to estimate where the cloud base will form depth.

drSpI( fi ed c ond it na. IHowever, in practice
the basic pranmeters are rarely known in advance Up to the present, to the writer's knowledge,
w'th sufficient accuracy nor caL they be forecast no objective diagrams for predicting ceiling

easil. height have been prepared for arclic stations.
However, various rules of thumh dealing with

The bases of clouds connected with large- important local problems, such as the forecast-

scale upnglide can be (letermine(d from a knowl- ing of suommem tratra sat Narsarssuak, are (on-
edge of the nuoisliure distribution by displacing tained in station manuals.
pa:-rel upward following the dry adiabatics on a
therniod s ynamic diagram and noting the conden- 5.4 Precriitation

satoiln levels (tLCl). The same approach is also

used In d(lectrmiltung the heigirlt of o r , phi- 5.4.1 General Ilemarks on lPrecipitation

In oider for clouds to precipitate it is nec-

(Cloveltlve clood hase:, lie near thle onve,- essa ry for many small c-loud (irolilets to collect

live c'ondslisatlon level (('('1.) if the convection together into larger drops. Two processes are

.. l q•oII. l, -usr 0l1, grollnd. ]c idea of lhe recognized us bling of imlipurialh U in th- fo)r-uia-

tilXtlf •c il( i(lll level (NICIt. ma, he used to lion of ptrecipitation elements: (a) the collection

tSinnatc t he probable helght at ,which si ratus %ill of moisture by ice nuclei in supercooled clouds

appear. I",,r ,tedailq u-n-ermnig he va r:os I,, -- and (h) the coalescence of droplets of different

v1]s. t tie, rede f r refe-rr'ei , a standard 2ext suci size dtle to hle different rates of fall.
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The details of the precipitation process are As pointed out in chapter 3, and elsewhere,
of special interest to the cloud physicist, but are cyclonic disturbances with strong cold fronts
usually not regarded as vital to the central fore- frequent the belt near the Arctic Circle in sum-
cast problem of when and where precipitation will mer. A certain percentage of the arctic thunder-
fall and in what amount. Just as it is reasonable storms are connected with these synoptic fea-

to assume that cloud will form when the relative tures, and it is safe to say that the rare thunder-
humidity reaches 100 percent, whatever the mi- storms that occur over the Arctic Ocean in sum-
cr0-processes involved, so it is probably also mer must all be attributed to the presence of
safe to assume that precipitation will fall from storms or fronts.
the cloud in rough proportion to the rate at which
water vapor condenses in the cloud. From this Mixing processes usually are not strong
point of view the precipitation problem may be enough to cause precipitation from the charac-
regarded as an extension of the problem of cloud teristic stratus of the arctic summer. On the
formation and, therefore, may be approached in occasions when precipitation is observed from
ouch the same manner, the stratus, it is in the form of drizzle.

In regions of large-scale upglide, precipi- The orographic influence is most pronounced
tation is normally light and continuous. Snow, along the fringes of the Arctic where mountain
of course, is the most common precipitation or ice barriers intercept maritime air currents.
form at high latitudes. However, rain may fall Thus, the windward slopes of the coastal ranges

in any part of the Arctic in mid-summer--even of Alaska receive hugh yearly precipitation a-
at the pole--and may fall in outer portions of the mounts, and large amounts also are measured
Arctic, which border on the open seas, in any along the south coast of Greenland. In areas
month. During the cold season the border areas sheltered by mountains, such as the region about
are also susceptible tn infrequent occurrences Anchorage, Alaska, the precipitation can be sur-
of freezing rain. prisingly small when compared to nearby exposed

areas.

The area encompassed by precipitation is,
of course, smaller than that covered by cloud. Orographic features can also cause marked
l'art of the cloud shield is too high and thin to abnormalities in the precipitation distribution

precipitate to the earth. Moreover, the clouds with respect to the synoptic pattern. At Thule,
may spread out horizontally beyond the region Greenland, the northeast quadrant of a low Is
of upglide, while the area of precipitation must generally free of precipitation, and sometimes of
remain close to the region ofntost active tipward cloud, evidently because of downslope flow.
tnot ion.

The importance of elevated terrain in sum-
Showers will nearly always fall from the mertime shower and thunderstorm activity has

deeper, more vigorous convective cells. These already been mentioned.
develop primoarily in summer over continental
areas, especiallywhereaidedby the topography. 5.4.2 Snowfall
Snow showers occur with relatively flat cumulus

or stratocumulus in cold air masses that move In some ways the prediction of snowfall is
across open water. Along the eastern shore of a lesser headache to the arctic forecaster than
hludson tay a substantial snowfall results from to the forecaster in more southerly latitudes.
su(ch showers in Nove'ilber before the bay freezes The dec i sion as to whether expected precipitation
over. Snow flurries may occur during the cold will he in the form of rain or snow is seldom as
season downwind fr-( opc. li' d in tie pack ice difficult at high latitudes, and the depth of snow

of the arctic seas, that can fall in any one storm is usually much
less. The foregoing remarks applyto the Arctic

Coinvection is o(casionally strong enough in as a whole. In certain areas of the subarctic--
summerr to i.itiate thunderstorm activity in areas suthern Alaska, the Aleutians, Kamchatka,
qoatlh of .t* Inatiut'et. except over and ndneant to a.iutherniGrcer-and,. and Labrador, to mention a

(;reenland. Over interior lowlands it appears few- -the problem can at times he acute.
that these thundoerstorrc may occasionally be of
theairmasstype. llowev,-r, many thunderstorms Within the inner Arctic, yearly precipitation
io 't'•h Alaska andSibbe ia develop in the vicinity (rainfall plus water equivalent of snow) amounts
of topographic feature-i so that it is likely that to about 4 inches. hw i-majorpart of which come.s

orographic uplift is ali-i a fac tor in their infor- in summer. From this it is apparent that snow-
mation, fall is usually very light in winter, almost al-
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ways less than 1 inch in a single fall. At the end The subject of ice crystal haze will be dis-

of the accumulation season the snow cover usually cussed in the section on visibility, though strictly

averages onlyabout I foot. Much of the summer speaking it should be included under precipita-

precipitation comes as rain, but well to the north tion.
snow storms are possible in any month and during
the warmer months may bring heavy falls. The 5.5 Visibility
greatest snowfall on record appears to be a depth
of 20 inches in 24 hours measured close to the 5.5.1 General Remarks
North Pole at the Russian drifting station, North

Pole 1. The arctic atmosphere is relatively free of

impurities so, in the absence of falling or sus-

543 pended condensation products, visibilities are

5 Forecasting Precipitation characteristically high in polar regions. More-

over, unusual optical effects caused by the bend-

As with cloud forecasting, the use of molels ing of light rays under the arctic inversion may,

and extrapolation procedures are standardtech- on occasion, lead to abnormal extensions of the

niques in precipitation forecasting and require visual range. Our concern here, however, will

no elaboration here. Physical and statistical he with conditions which reduce or restrictvisi-

approaches to the precipitationprediction prob- bility, of which fog, ice fog, and falling and blow-

lem have also been devised but as yet have not ing snow are generally regarded as the most sig-

been applied to the arctic region. nificant in the regions to be considered.

Under certain simplifying assumptions, a In addition to conditions of low visihility,

quantitative expression may be derived relating the arctic forecaster must occasionally contend

the precipitation ratetothe moisture distribution with a strangephenomenonkknown as the "arctic

and vertical velocity. Difficulties in measuring whiteout", whenthe visibility is in a senseinde-

Lnd predicting vertical velocities have prevented terminate. This condition occurs when the sky

the use of the physical approach up to now, but and landscape become uniformly white. The lack

with the development of numericalweather pre- of contrast between objects both near and far

diction these difficulties are being overcome, effectively reduces the visibility to near zero,

and it is possible that quantitativeestimates will though a black object introduced on the scene
be availalle in the near future, would be discernible at a great distalnce.

Slatist ica I techniques for forecasting the oc- 5.5.2 Fog

CLIVr'renc or nonoc(currenrCe of precipitation and
the probable amount have been developed for a itnder this topic we shall consider only water
nonihe.r of mlddle-latitude stalions. No doubt) fogs, lreoVing for separate discussion the subject

sitmilar techniaties could be used in the Arctic,. of ice fog. At least four of the recognized types

A mnore detailed discussion of methods of quan- of fog aire observed in the Arctic - -advect ion.

titlativc pJr'ecipitation forecasting is found in radiation, Upsloltpe. a(I steanl fogs. of these,

Volume II of l'cttcrsaen 18]. advection fog is of greatest important c since it

affects large areas Ind often leads to very low

In predicting snowfall it is advisable to Cs- vusiiioo, it is primarily a slrmnertinIlephe-

!imati- th., water equivalent and convert to snow nomenon and occurs wherever wrirn, moist air

depth. A ratio of I( Inches of snow to I inch of blows over a eold surface and bee-onmCs c ooled
water is a suitable average figure. Of course, below 'is clew point. Winds must also be light

in miany instances, the main problem is to decide or CIs, the fog is lifted and transformed into a
whether the precipitation will he in the form o1 stratus layer.
rain or snow. The 0' C'. isothern is the critical
factor in tttis respect and, because of the possi- Advection fog is parthaularlylprevalent over

bilhty ,,f shallhiw surface inversions, It i:i tctter thearctic s c lt-u-mgthe IionthSof July, August,

to hase the decision on the predicted tempera- and September. It forms when warm. moist air
lures at the t50-m'hv. lcvl rather than on surface of more southerly origin blows into the Polar

temperatucrs. ,a~n. The fog dissolves rapidly in return Cur-
rents that are heated over land.

When abIovc-freezing tenlperatii-res are in-
dicated aloft but the cold film is predicted to The characteristics ofthe summer advection

stl at the surface, a forecast offrczling rain fog over the pack ice have been studietl extlersivC -

;S In (Irdrl. IY for the surnmers of 1:57, 1955 , arod 1959 by
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Hansen [2], using data from drifting stations persistent and present a hazard to both shipping
Alpha, Bravo (T-3), and Charlie, For these sta - and aircraft operations. Steam fog develops when
tions and years fog occurred on 3 percent of aU very cold air blows over open water, thereby
observadonsin May, 10 percent in June, 15 per- promoting a rapid transfer of heat and moisture
cent in July, 25 percent in August. and 7 percent from the water surface to the air. The heating
in Sepl:ember. As a result of variations in circu- from below produces a unstable lapse rate and
lationpatterns and station locations, largeyear- associated small-scale convective eddies which
to-year variations in frg frequency were ob- carry the warm, moist surface strata aloft where
served in any month. During the months of July they mix with the cold. dry air above. The first
and August no evidence of a diurnal variation in result of the mixing is to produce condensation
fog frequency was noted, in the form of fog, but with further mixing of the

dry air the fog dissolves.
Fog was most frequent over the pack ice at

temperatures close to freezing and at pressures As a rule, then, the fog appears as wisps of
that were in the range of 1000 to 1030 mb. At smoke emanating from the sea surface. How-
pressures lower than 1000 mb. the typical low- ever, if a strong inversion is present the upward
level temperature tnversion was generally ab- mixing is confined to a relatively shallow layer.
sent, and fog was rare. At extremely high pres- within which the fog collects and assumes a more
sures the inversion was well developed, but due uniform density. In these circumstances the vis-
to strong subsidence relatively dry air was ibility may be reduced to 300 yards or less.
present very close to the surface. Because of
the homogeneity of the surface the frequency of Steam fogs occur most frequently along the
occurrence of fog was little affected by wind di- shores of open bodies of water in fjords or inlets
rection, showing only a slight decrease in fre- where the water is kept open by wind or tidal

quency for northwesterly winds. As would be action. Smallpatches of steam fog are also ob-
expected fog was most frequent at light wind served during the cold season over fresh leads
speeds. Not a single case was recorded at speeds in the pack ice of the arctic seas.
of 20 knots or greater.

5.5.3 F'orecastrng Water Fogs
At coastal and insular stations tlte summer

advection fogs show a distinct diurnal cycle, with Although the problen of fog prediction is
maximum occurrence in early morning and mini- often amenable to objective forecast methods of
mum in early afternoon. The fogs at these sta- the statistical type, there have been few success-
tions should, therefore, he classified as combined ful prediction diagrams prepared for arctic sites.

radiation-advection fogs. This may reflect a lack of sufficient effort iii this
respect, or in cases where attempts have been

Radiation fog is local in nature, being re- made, may mean that the problem is oflen too
strirted matnly to inland valleys. It is generally complex to yield to c(rude or simple methods.
of short duration anti is most likely to occur For instance, the occurrence of advection fog at
during tire mnonths with above freezing tempera - a particular location, such as Thulc, may dependi
turcs. HcCau]so of the difference in vaporpres- m ore on the vasaries of thle local wind that) oni
sureoverice and overwaler a snow cover tends tire large-scale flow ptatttrn responsible for
to dissipate or inhibit the formation of radiation transporting the fog to the general area.
and other water fogs, so that below the freezing
point the frequency of fog diminishes with de- llansen (21 in risstudy of surnmer fog in the
creasingtemperature until the critical tempcra- central Arctic devised a fog prediction diagram
tares forthe formation of ice fog are reached [H). (fig. 5.10), applicable to the region of the pack

ice, which promises to give useful forecasts.
Upslope fog occurs where the air is lifted So far the diagram has been tested only on de-

over sloping terrain and may bli regarded as pendentda .a. Inorder touse the diagram upper-
either a cloud or fog, depending on the point of air soundings arc required. The forecast is for
view of the observer. Expeditions to the interior the 18 hours following the time of olbservation

of Greenland frequently report upslope fog, usu- and is in the form of a yes or no answer to the

ally in conjunction with precipitation [II -Verl. lj. tiuestioniofwhether fog (visibility< 3/4 rile) will
occur on any 3-hourly observation dru:-ing the

Steam fog, or arctic sea-smoke, is often re- period.

garded more as a curiosity than as a seriots imn-
pairment to visibility. However, it may. under The steps in ising the diagramare desecrited

certain circumstances, become quite dense and by Hansen as follows:
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Figure 5.10. Final Fog 1'r-fdtlon Niagram,

(1) "Compare the temperature at the surface is automatically taken to be 14 degrees.

and 900 millibars. If the 900-mb. level is
colder. forecast no fog. When the surface (3) "Compute theaverage dew-point depression

is colder, proceed to the next step. in the lowest 50 millibars or to the top of
the inversion, whichever is lowest. (The

(2) "Measure the distance, in degrees of lati- average temperature and dewpoint can each
.ude. from the station to the center of the be found by simple areal averaging - the

nearest cyclone. If the station is definitely distance between the two being the desired
under an anticyclonic influence, the distance depression.)
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(4) "With the valueE from (2) and (3) enter the The few cases of failure of the method ap-
diagram. If the plot lies in a Yes or No re- pear to result from changes in temperature and
gion, the forecast is completed. If it falls moisture stratifications during the forecast in-
in the Possible area, proceed to step (5). terval. Its general success would seem to imply

that the stratifications do not, as a rule, change
(5) "Add the greatest dew-point depression to very rapidly and that the summer fog is an er-

the average depression of (3) and use the ratic phenomenon whose subsequent probability
abscissa of the Possible area to make the of occurrence is better related to conditions on
final forecast." the current sounding than to the actual occurrence
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or nonoccurrence of fog at observation time. Appleman [9] has shown that -- depending upon
the initial environmental temperature, pressure,

The main parameters in the prediction of and relative humidity -- the effect of this addition
visibility reduction due to steam fog would ap- may be either to raise or lower the relative hu-
to be the difference between the saturation vapor midity of the environment; and for various en-
pressure of the air and the vapor pressure cor- vironmental conditions he has computed the criti-
responding to the temperature of the water sur- cal temperatures below which combustion will
face, and the initial strength of the inversion, lead to supersaturation and condensation. The

A vapor pressure difference of 5.2 mibs. has been computations are based on the known ratio of
found to be the lower limit for thick or dense moisture emission to heat emission for hydro-
fogs, carbon fuels. For locations close to sea level,

a constant pressure of 1000 mb. may be assumed
A graph for the prediction of dense steam so that the criticaltemperaturewill be a function

fog, based on the foregoing criterion, is pre- of relative humidity (or dew point) only.
sented in figure 5.11. A knowledge of the water
temperature and an estimate of the air tempera- The critical temperature, however, merely
ture are required for use of the graph. The wind serves as a criterion for determining whether
speed has been found to have little, if any, effect condensation will appear sometime during the
on the formation of steam fog. When blown in- period of mixing of exhaust gas and air and does
land by the wind, the fog normally dissipates not, in itself, provide an indication of the per-
rapidly. sistence of the fog. This latter characteristic

is determined by the degree of mixing, being
b.b.4 Ice Fog greater when the mixing is small (but in excess

of a certain minimum), and also by the initial
Ice fog is largely a man-made addition to relative humidity--which must be equal to or

the arctic scene and perhaps for this reason has greater than the saturation value with respect to
been object of more intensive study than the ice in order for the fog to endure.
more familiar water fogs. From this study much
is known concerning the composition of ice fog On the basis of the foregoing considerations,
and its mode of formation, and at least moderate Appleman has constructed the ice-fog prediction
success has beenachieved in developingmethods diagram shown in iy, ue 5.12. The diagram is
for its prediction, divided into four regions defined as follows:

Ice fog of significant (tensity is found only I. Regionofpersistent ice fog. This region lies
in the vicinity of human habitation where large below the critical temperature curve and
quantities of water vapor are added to the air within it the atmosphere is supersaturated
through the burning of hydrocarbon fuels. Steam with respect to ice.
vents and motor vehicle and jet aircraft exhausta
are among the imnportnnt sources of moisture It. Regionofnonpersistent icefog. This region
that can produce sharp redictions in visibility in also lies below the critical temperature
restricted areas, curve, but is nonsaturated "i.*!1h respect to ice.

Meteorological conditions favoring the for- III. .egion ofno ice fog. Combustion causes dry-
mation of ioe fog are low temperatures (usually ing within this region.
below -20* F. and preferably below -30* F.) and
a low-level inversion that traps and concentrates IV. Hegionofno ice fog. Combustion causesdry-
the moisture in a shallow layer. At the colder ing and the temperature is too high for drop-
temperatures the ice particles are found to be lets to freeze.
roughly spherical in shape and are believed to
be formud from the rapid fr-otinp of a cloud In ordertomake a prediction, the forecas-ter
initially composed of water droplets, simply enters the diagram with the predicted

values of temperature and dewpoint, and deter-
5.5.5 The Prediction of Ice Fog mines the appropriate region. The success of

the diagram when applied to data for the period
The combustion of hydrocarbon fuels adds December l946 through February 1847 at Fair-

heat and moisture to the air in known amounts, banks, Alaska, is indicated by the dots and
crosses in the figures. A striking relationship*n a, t,ordall¢,, ew th~h :he t rcvisedeI;tl~t 1 i nn,, th "Srntlh.,,nri;,

M,4h,.r'Iw,,aITahl. h• b ,d i-- between the predicted and actual occurrences is
-:r;r v- i, of s,.2 rho . noted.
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Figure 5.12. Diagram for Prediction of Ice Fog (After Apple-nan r ee 91. 0

Later tests conducted at Ladd Air Force of the degree of mixing, Appleman's diagram is
Base, on the outskirts of Fairbanks, showed perhaps best regarded as a useful guide in set-
marked deviations from the earlier results, ting up objective studies of ice fog, A* Ladd, the
In particular, a large number of ice fog occur- available moisture depends so highly on the de-
rences were observed in Region 1l1. Since gree of human activity and, therefore, onthehour
Applemnn's graph is based cn the ratio of heat of the day, that the temperature and hour have
to moisture content in the exhaust of jet engines, been used as the sole predictors in deriving an
sucha discrepancy can be explained by the pres- objective forecast diagram. Appleman's theory
ence of some moisture source with a lower heat would suggest, however, that the mixing, as de-
to moisture ratio, The discharge from steam termined by wind speed and inversion strength,
plants is one possibility in this respect, and tfh relative humidity of the environmental

air are also important to the problem.
Because of the foregoing difficulty and the

additional fact that it does not take any account The frequency with which Ice fog occurs at
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a specific arctic station is thus seen to be a com-
plex function of temperature, relative humidity,
and type and amount of moisture addition. On 0 20 30 40
the basis of the climatic records alone it is pos-

sibie, with the help) of Appleman's diagram, to 6 j
make a reasonable estimate as to the maximum .
number of days of ice fog that can be expected
at a given location. How closely this figure con- 4 A;
forms to the observed depends mainly on the
present level of human activity at the location.

5.5.6 Blowing Snow 2 .

At many arctic locations blowing snow is the • i .
most frequent cause of low visibility. This is
particularly true in winter when the ground is 4
often covered with fresh, loose snow and other

factors in visibility reduction, such as fog, are se I
at a minimum. >

At wind speeds as low as 5 knots fresh-fall- I

en snow begins to creep or drift,. At speeds of I

10 to 15 knots snow is swept into the air in a
sufficient quantity to reduce the visibility close
to the ground. As the wind increases beyond 15 1

knots the snow is carried ahlft to greater heights
and in greater amounts so that rapid deterioration I I10 20 30 40
of visibility results. Table 5.4 shows the average

relationship between wind speed and visibility at Wind speed (knots) -

Barrow, Alaska, Resolute, N.w.T., Northice,
Greenland (elevation, 7,700 feet, 783 N. 38' W.), Figure 5.13. N'ot of Visitihty Versus Windj Spied for
Mnaudheini, Antarctica, Site I, Greenland (eleva - iN-,row, Ali;ska.
tion 3,800 feet, 120 mniles north of Thule Air
Force Base), and Site 1I, Greenland (elevation IurbUIiiiutin myi-, it is diffiC tII N 'idlefinir' a IVepih of
6,8100 feet, 20f; mtlles enst of Thoe ANir Force blowing snow. Sigonificemit contcintrations proba -
Base). Fairly close agree cnc will be observed bly do not occur at heights of greater than a few
between vawlus at Bnarrow anil Itesolute. The hundred feet, enC plt Under veoy strong windid.
station-s iti (Greenland and Antarctica all show

ionl what greater visability reductions for the AIthough there is a good avera~c• relation-
aiieL a' winid spertl, ship between wintd speed and visibility in blowing

snow, wide dieviat iurs I romn the relationship occ ut"
The density of blowing snow decreases rap-- in individual (cases, as i-an bit seen fromn figure

idly with height in a tnore or less exponential 5.13. To understand why these deviations occur
manner; so that unless there is an inversion pres- it is necessary to consider the mechanism of
cat wlihic'h firnis a stiarip ippet- bounddary to the hilowing snow iln gr• coteo detail. 'l'he anmountt of

TABLE 5.4
Comparison oft Mean Visbilititis eor 5-Knot Intervals 01 Polar taocationg.

Wind (Visibility in miles)
(knots) h arrow Resolute Northice Maudhcim Site I Site 11 Thule

10 7o (3+ 7+ --- 2.3 2.8 64
15 5.93 4.5 1.85 --- 1.45 1.9 4.5
20 2.47 2.0 0.73 0.81 1.0 1. 5 2.0
25 1.25 0.75 0.22 0,25 0.85 0.65 0.75
30 0.716 0.4 0.09 0.11 0.7 0.25 0.-I
35 0.21 --- 0.03 0.05 0.4 0.1 ---

4 0,02 i. 1 .I --- --- 0. 0
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snow carried aloft and held in suspension depends during blowing snow is badly violated in indi-
on three factors: (1) the supply or availability of vidual cases. Until more of these factors are
loose snow at the surface, (2) the upward trans- measured routinely and their roles defined more
port of snow by turbulence, and (3) the downward precisely. there is little hope of making accurate
flux of snow by gravitational settling. Each of predictions of visibility reduction in blowing
these factors in turn depends upon a number of snow.

subsidiary factors.
5.5.7 Forecasting Blowing Snow

The supply of loose snow in determined by
the nature of the snow surface (the size and shape Lord 15) has prepared an objective diagram
of the particles, the bonding between them), its for predicting visibility during blowing snow at
density, and even its configuration. Dry, fresh- Barrow in which wind speed forms one coordinate
fallen snow can readily be carried aloft, but as and the wind shift, since the last occurrence of
the snow ages the surface structure changes, blowing snow, the other. This diagram appears
Wind action and gravitational settling compact in figure 5.14. Several other variables were
the snow and increase its density. The crystal tested. but none improved the forecast signifi-
structure also is altered in a manner and at a cantly. Of necessity these were meteorological
rate determined by wind, temperature, and hu- variables which, it was hoped, would provide a
midity conditions. In general a snow surface crude measure of some of the physical factors
hardens with time, thereby acquiring the ability mentioned in the foregoing section.
to support amazing loads. Snow tractors weigh-
ing i 4 tons have been known to pass over drifts Prom the diagram it will be noted that for
3 to 4 feet deep aud leave a depression of only the same wind speed the visibility tends to be
I to 2 inches. less, the greater the wind shift since the last

occurrence of blowing snow. This condition is
The shape of the surface also undergoes an believed to result from the sheltering effect of

evolution with time, and this may have an effect snow ridges. When the wind shifts the lighter
on the supply of loose snow. When sustained snow in the troughs is scoured out at relatively
winds blow from a single direction, the denser low velocities. Without a shift a iouch Stronger
particles form ridges normal to fie wind direc- wind is required to dislodge the particles.
tion. The lighter particles settle into the troughs
between the ridges where they are sheltered from 5.5.8 Ice-Crystal olazr
the wind and consequently arc no longer borne
aloft. Ice-crystal bize is the name given to a phe-

nomenon in which fine ice crystals are observed
The amount of snow transported upward from to settle earthward froni ia seeoinigly cloudless

the surface depends onthe strength ofthe turbu- sky. This condition is d!stinguished from ordi-
lence, and this in turn is a function of the wind nary snowfall by tile lack of cloud 1([ad from i' c
speed, stability, and surface rouglness. Froum fog by the great horizontal extent and vertical
the well-defined relationship which exists, on the depths involved. Ordinarily ice-crystal haze
averrage, between wind speed and the density of does not reduce visibilities below I to 2 iiles,
blowing snow, it would appear that the speed is and the sky is usually clearly discernible through
by far the dominant factor in determining the it. At night the stars aire visible, and unless a
turbulent flux. beam of light causes the ice needles to seintillate

the phenomenon may pass unnoticed.
The gravitational fallout depends on particle

size aid sisape, large particles falling faster than Ice-crystal haze is often associated with a
small. It is probable that the fall speed or termi- deep, cold low at high latitudes i! winter, suggest-
nal velocity of snow in the Arctic is in the range ing that a direct sublimation from the vapor to
20 to 50 cm./sec. When the snow particles are the ice phase is occurring in the rising current
large, thlev arc not lfted very far above the sur- connected with the low. The absence of water
face and consequently bounce cr drift along in a cloudcan be explained bythe verycold tempera-
process known as saltation. Hence blowing snow; tures that prevail in such cases. Occurrences
that is, snow which reduces visibility at eye level; of the ice haze in Labrador have been attributed
is favored h" the presence of -mall particles. to the seeding ofair, supersaturated with respect

to ice' by snow crystals hlUwo alofi from the

In view of the many,- factors which enter into suirface or by ice particles precipitated from

thelproblem, it isnot surprisingthatthe average above. In this area. the hazehas been observed
relationship between wind speed and visibility to extend to heights as great as 9,000 feet, al-
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thtoutgh as a rule the depth is considerably less. At some arctic locations falling snow is the
most fre:ioent cause of low visibility. H-owever,

Until the phenonmenon is better understood thle discussion of this problem is more properly
it will remainsa difficult forecast problem-. For- included in the sectionott prccipitationnforecast -
innately, however, it is riot an urgent proutela ing.
sincec rarely, if ever, will the haze be sufficiently
dense to reduce visibilities below flight mini- 5. 6 Turbulence and Icing
moums.

5. 6.1 General ltemocks on Turbulence

5. 519 XWIt i t emil

Four types uf turbulence may be distinguish-
This conidition results when sky and snow 0(1 which are of importance to the Safety of air-

itssiznnc a titiforijiwhiteness, making the horizon craft. These will be referred to here as (at)

indistingtuishable tmnu eliminating the contrast ground turbulence, (b) convective turbulence.
between visibile objects both near and far. Under (c) orographic turbulence, and (d) clear-air tur -

such n condtition the observer loses all sense of bulence.

perspective, and aircraft and other operations
become extremely hazarduus. Ground turbulence develops in the lower lay-

ers of theatmospherea5 -a result of the disturb-

The whiteout occurs most frequently in ing effect of the earth's surface on the wind.

spring and fall, when the sun is nea r the horizon. The gustinena of the wind trace isa manifestation
and requires (be presence of a uniform snow of the eddying motions which comprise the tur-

cover anti a cirrostratuis, altostratus, or stratus bulence. Characteristically, the gusts are close
overcast. The sky cover is the most important together, indicating the presence of eddies of

factor in the prediction of whiteout, and there- small dimension, but in the vicinity of certain
fore the prediction of thisphenomenon is essen- topographical featu.rec the eddles rosy be of
tisily a corollary of the cloud forecast, larger size and assuciated with substantial up-

drafts and downdrafts. A, Thule a number of

5.5.101 Falling Snow cases have been reported in which winds of 20
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to 30 knots were sufficient to cause fluctuations static stability are met. The motions which pro-
of 100 to 150 feet in the height of aircraft on the duce the turbulence are frequently in the form
final GCA approach. Fluctuationsofthismagni- of organised waves over and to the lee of peaks
tude represent an extreme hazard, and on at and ridges and, therefore, are not turbulent in
least one occasion it was necessary for the pilot the strict sense of the word. However, as used
to employ full take-off power in order to land here the term relates to the effect of the motions
safely. on aircraft, and in this respect the mountain

%aves are turbulent. Moreover, a truly chaotic
Since a high degree of static stability tends turbulence usually appears in association with the

to inhibit the development of vertical motions, waves, sometimes ass result of a breakdown ot
it is apparent that turbulence forms more read- the wave motions themselves.
ily with unstable than with stable lapse rates.
Once the turbulence has formed the strong mix- Under proper humidity conditions the waves
ing will generally produce a near-adiabatic lapse are made visible by a cap cloud over an isolated
rate, whatever the initial conditions. peak, or by a foehn wall along a ridge, and by

lenticular or lens-shaped clouds in the lee of the
In summary, high wind speed, low static obstacle. The presence ofa rotorcloud--a roll-

stability and large roughness are the major shaped cloud with a horizontalaxis of rotation--
factors intthe development of ground turbulence. warns of the danger of extreme turbulence.
Because of the prevalence of light to moderate
wind speeds and very stable lapse rates, ground All mountainous areas of the Arctic are
turbulence is not normally an important problem potential sources of orographic turbulence, and,
in thp Arctic. However, during the infrequent indeed, pilots have reported instances of moder.
occurrences of high winds, described in section ate to strong turbulence in the neighborhood of a
5.12, the turbulence may become severe, number of arctic ranges, Through experience,

the forecaster can acquire valuable knowledge
Convective turbulence is encountered in con- concerning areas of maximum danger and the

nection with the often violent updrafts and down- wind conditions connected with the outbreak of
drafts of convective cloud cells. The thunder- turbulence in these areas. For example, fore-
storm is the most frequent scat of the more casters in the Whitehorse region of Canada have
violent occurrences. In view of the relatively notedthe tendency for strong downdrafts to devel-
weak nature of convection in the Arctic and the op near the Wolf Range when southwest to west
relative scarcity of thunderstorms, it follows winds of greater than 50 knots blow across the
that convective turbulence is a prohilem of much St. Elias flange.
less importance in polar regions than in the mid-
dlie latitudes and the Tr'opies. -lowever, occa- Clear.-air turbulence occurs most commonly
sional instances of severe turbulence have been in the zones of large vertical wind shear, above
reported in connection with the suminertirae or below strong jet streams, and in the zone of
thunderstorms that develop in the mountainous large horizontal shear on the cyclonic side of
sections of Alaska and the Yukon, so that it wouho strong jets. The turhulent regions are often
ie foolhardy to ignore conaplelely the dangers found in corridors about 30 mile• acros s and
from this source. 1,000 to 2,000 feet deep. As yet, the cause of

clear-air turbulence is not fully understood.
l)ata collected onthe PtarmiganWeather le- Few, if any, cases of significant clear-air tur-

connaissance Flightts reveal that tutrbulence is bulenceat high latitudes are releorted in the liter-
almost entirely lacking over the Arctic Ocean, ature. However, the possibility definitely exists
as might be expected from the stabilizing effect since strong jet streams occasionally invade the
of the underlying surface. The few reports of Arctic as described in section 3.3 of chapter 3.
light turbilence that arc reported appear, al-
most always tc hIe associated with clouds ansi,henc, mot ps~ ,bl' t~euse ihe.to;on 2 Forecasting of Turbulencehence, n~iusll prcsý;niabl. 1Ie as•tib~ed 11.c, n

vection aloft. In the case mentioned previously,
in which the flight encountered a thunderstorm t;round turbulence is so dependent on local
cver tice Beaufort Sea, moderate turbulence was surface and terrain features that one cannot hope
reported. to obtain universal forecast rules. In construct-

itg an objective forecast diagram for a specific
Orographic turbulence occurs in the vic inotv location, wind direction and speed should be

of ncountainous terrain when certain critical chosen as principal predictors. Stability may
values tf "inid speed, verccal wcnd shear, and he an additional paraeinter of importance.
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The prediction of convedtive turbulence is Moderate to severe rime icing also occurs on
part of tile convective cloud and thunderstorm occasions. At Fairbanks a mixingratio, at flight
problem wh'ch has already been discussed in a level, of 2 grams per kilogram has been found
previous section, to mark the beginning of moderate rime icing.

Orographic turbulence, like ground turbu- When coldair passes over open water, a low
lence, is a highly local phenomenon and usually cloud with large concentrations of supercooled
is found to be most highly related to the wind droplets may form. Moderate to heavy icing has
component normal to the pertinent mountain been observed in clouds of this type. but fortu-
range. According to both theory and observation, nately the cloud deck seldom extends above 4,000
the static stability and vertical wind shear are feet so that it may be easily topped.
also important factors in the development of
mountain waves. The icing forecast hinges on the cloud and

temperature forecasts. Where cloudiness is
From the evidence presently available, it predicted within the temperature range -22* F.

appears that clear-at- turbulence is associated to 32" F.(-30' C. to 0' C.) thepossibilityof icing
with large vertical %ind shear of either sign, must be considered.
low static stabUity, and large positive or cyclonic
shear in the horizontal. The Richardsonnumber, 5.7 Optical Phenomena
which is a function of both stability and vertical
wind sheac-, has often been suggested as a more Besides the phenomenon of whiteout, de-
fundamentai criterion for the development of the scribed in section 5.5.9, a number of other opti-
turbu:erce. In view of the foregoing relation- cal phenomena are of importance and interest
ships. clear-air turbulence should be forecast to tihe arctic traveller. Two types will be dis-
for the regions near and to the cyclonic side of cussed here: distortions of distant objects caused
prot,,.unced jet-strero- maxima, by abnormal bending or refraction of light rays

and reflections on the underside of clouds known
,).6.3 Icing as iceblink and water sky.

Icing occurs w.ien sapercooled cloud drop- 5.7.1 Looming
lets freeze and adhere to aircraft surfaces. The
ice coating changes t'- aerodynamnic properties It is well known that the speed of light is
of ti.,, a rfoils anti may lead to a dangerous loss slightly less in tie atmosphere than in outer space
stf lift. and that the reduction in velocity increases with

the air density. As a consequence of this and the
The fact that icing receives little mention normal decrease of density with height, a wave

in discussions of arctic flying conditions may be front emanating from an object will travel faster
regarded as an ind.rtion that it is not a serious in its upper portion than in its lower portion,
problem in arctic ft._;ht operations. rthis rela- and the rays of light will be bent or curved in
tive unimr)ortance , icing may be explained by tile downward direction. This arching of the
the comparatively small moisture content of light rtays causes objects to appear slightly Cie-
arctic air and, hence, the low liquid water con- vcted above their true positions and allows the
tent of it'ctic clouds. Th. liquid water content, observer to see somewhat beyond the line-of-
of course, is the principal factor in determining sight horizon.
tile se', rniy of tie icing. Furtlherniore, in wititer,
temnperattures are often so cold that clouds can- When the density decreases more rapidly
not exist it) liquid form. than nortaal with height, as occurs under condi-

tions of temperature inversin,, distant tobjects
lData compiled from the recordt, of the appear to be unusually elevated, arn-! objects

I .rntigan Weather R~econnaissance Flights show normally below the horizon may come into view.
tz.,t at 1(0,000 feet ic ltng occurs only 2 percent of Theterta looming isapplied in this circum'stance.
t' tote over tile arctic seas. The correspond- No doubt many erroneous estimates of distances
mi figure for flights over the North Atlantic is by early explorers can be ascribed to this phe-
!) .•iert v Ilelcaus tiof the smallness of the nomenon.

fig ý-e for the Arctic, it should not lie assumned
thn• t :;,g is never a hazard in polar regions. Often when looming is present, the rays from
tie. -v glaze :ce ntay hte encountered, occasion- the upper portion of an object are bent more than
ally. it tnaritlime currents .',hich invade the those from the lower. In this case the on.jcct
Ar- tw from the Atlantic and t'acific sectors, appears stretched, as well as elevated, and the
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"MIRROR"

"A -

S. . -+-....

-L SIDE VIEW

Figure 5.15. Simplified Diagritu of a Sup- i. -r ierev 'gc

term towering is used to describe the situation. appear above the inverted image.

It is also possible for the rays from the lower

portion tobe )more curved, in which case shrink- The origin of the superior mirage is illus-

ing or stoopp}v of the object is observed. trated in figure 5.1 5. For the sake of illustration

it has been necessary to exaggerate greatly the

5.7.2 Sinking bending of the rays. In reality the refraction is

Imutic h s nialleC ',i1in 1Shown so that only distant

When the air density increases with height, objects can be reflected from the 'mirror.''

light rays curve upwards, causing objects to ap-

pear below their normal elenvationa and even to 5.7.4 Inferior Mirage

sink from view below the- ho.izon. This con-

dition is of less frequent occurrence in the Arctic Under superadiabatic coaditionis the upward

than its inverse condition, looming, since it re- bending of light rays near the ground may be so

qlires an abnormall,? steep lapse rate. However, extreme that one may replace the ground at some

when very coldair passesovnr open water, sink- distance from the observer by an imaginary

ing may be observed, provided steamn fog does mirror, Thus the observerwill see an inverted

not develop. It may also occur over strongly image beneath a distantobject. Since the "'oir-

heated interior ,areas in summer. roe" will reflect the sky above and beside the
object, the observer will also have the illusion

5,,.3 Sperito- Mirigi that the object is surrounded by a lake or body

of water. This condition is Illustrated In figure
An etievr'ed inversion, if sufficiently pro- 5.1 S

000nc ed, mav catuse uci a shilrp downward bend-

ing of lighl ians that the inverMon layer may be It will be noted that the inferior mirage is

likened to an mrror. suspendetl in the sky, whieb accompanied by sinking, the horizon appearing

reflects light from otujec's located beneath it. closer than normal to the observer. As in the

t'"o e s"- ii' oari ,, i• 'ti oh, ,i -,vii ,, In ,.11 o, pre vious illustration the curvature of the earth

inverted imiagte above the object. With complex is neglected. The effect of curvature is to cause

inversonýs the wave front may stiffer multiple the base of the object to disappear from view so

tlist'rt-'lsan'.d a fulrther, ;upright image inay that onlv the jtpp-Cer l)rtion of it, and the inverted
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image of that portion, are seen. Because of the point in the sounding the density is at a relative
difference in curvature of rays emanating from maximun, and the degree of bending of the light
the top and bottom of the object the image is rays changes sharply. The result is a vertical
ordinarily shortened or stooped, magnification of objects in the layer.

Generally the inferior mirage is blurred by The fata niorgana may be regarded as an
a phenomenon known asoptical hazeor shimmer, intermediate stage between towering and the
This arises from the convective activity that ac - superior mirage or a mixture of the two con-
companies the superadiabatic lapse rates. Bub- ditions. This may be seen in the example in
bles of warm, less dense air rise and are re- figure 5.17, where both the stretching and the
placed by cooler, denser air from aloft. Conse- tendency for formation of inverted images are
quently, rapid variations of density and, hence, observed.
refractive index occur.

5.7.6 Iceblink and Water Sky
It also should be mentioned that the appear-

ance of mirages, both superior and inferior, is In summera white or yellowish-white glare
much affected by the distance of the object and may be seen on the underside of clouds, as a
the relative positions of observer, object, and result of reflection of sunlight from snow or ice
layer of abnormal density variation. A slight fields. When these reflections are intense they
change in any of these factors may cause pro- are referred to as iceblink. Conversely, under
nounced changes in appearance. the same circumstances dark patches or streaks

may appealr on the cloud base above areas of
5.7.5 Fata Morgana open water. This condition is knownas water sky.

When other means of reconnaissance are not
This is the name given to a complex mirage available these phenomena are of assistance in

in which distant objects become greatly elongated navigating through the ice of the polar seas,
in the vertical direction and take on a bizarre since they give at least a rough idea of ice con-
aspect. A shoreline may be drawn out into tall ditions at a distance.
cliffs antd columtns. and houses near the shore

Inay as1SSum11 theanta ra ItIe( of wond ronls catstles. 5.7.7 Forecasting of Optical 1 heltlnocnan

The phenomenoon occurs under mntuch the Rarely is there any call to predici these pe -
Same ietetroologiea I conditions as tie superior nolntnia. It is obrviots that fin }ikelihootd of tin|-
rerage and( inhdeed often contains many of its rages and other refractive phenottat n irl deter-
fealtres, though in nmor-e distorted form. The minedt by lhe lapse catte vontlitionis expiccied to
unrsual strettchint takesplace inthe layer where prevail in the lower layers of the I tiloslthetre.
the norital utpwarcd cillse of letptratttre c'eases h-ehlink and warter sky retiaire a low Son anId ;
aind the elevated inversionl begins. At thle cold deck orf low outrds fort their formaitioa.
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